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Trypanosoma brucei, a unicellular parasite, contains several single-
copied organelles that duplicate and segregate in a highly co-ordinated 
fashion during the cell cycle. In the procyclic stage of the parasite, a bi-
lobed structure is found adjacent to the single ER exit site and Golgi 
apparatus near the flagellar pocket, which is a surface membrane 
invagination dedicated to endocytic and exocytic activities. Duplication 
and segregation of the bi-lobe occur co-ordinated with other single 
copied structures but little is known about their associations and the 
mechanisms.  
Up to the date of starting this study, only four proteins were known to 
localize to the bi-lobe. In search for new bi-lobe proteins, comparative 
proteomics was performed on the extracted flagellar complexes 
(including the flagellum and flagellum-associated structures such as 
the basal bodies and the bi-lobe) and purified flagella. A leucine-rich 
repeats containing protein, TbLRRP1, was characterized as a new bi-
lobe component. The anterior part of the TbLRRP1-labeled bi-lobe is 
adjacent to the single Golgi apparatus, and the posterior side is tightly 
associated with the flagellar pocket collar marked by TbBILBO1. 
Inducible depletion of TbLRRP1 by RNA interference inhibited 
duplication of the bi-lobe as well as the adjacent Golgi apparatus and 
flagellar pocket collar. Formation of a new flagellum attachment zone 
and subsequent cell division were also inhibited, suggesting a central 






To further understand the bi-lobe and its association with other 
organelles, TbLRRP1 was used as a bi-lobe specific marker for 
immunoisolation of the bi-lobe complex. Among >70 candidates 
obtained from MS analyses of the immunoisolated bi-lobe, this study 
focused on four candidates: BB50, FP45, p197 and TbSpef1, which 
included both soluble and cytoskeleton-associated components that 
respectively localized to the basal bodies, the flagellar pocket, a 
tripartite attachment complex (TAC) linking the basal bodies to the 
kinetoplast, and a segment of microtubule quartet linking the FPC and 
bi-lobe to the basal bodies. These proteins provided new markers to 
follow T. brucei organelle biogenesis and inheritance. They also 
confirmed the presence of an extensive connection among the single-
copied organelles in T. brucei, a strategy employed by the parasite for 
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Chapter 1- Introduction 
1.1 Organelle inheritance in eukaryotes 
Eukaryotic cells contain extensive internal membranes that enclose 
specific regions and separate them from the cytoplasm. These 
membrane-bound specialized subcellular structures are called 
organelles. Each organelle has a distinct size, role and copy number 
that reflect its function (Fagarasanu et al., 2010; Warren and Wickner, 
1996). Cells contain double membrane organelles such as nuclei, 
mitochondria and chloroplasts, as well as single membrane-bound 
organelles including  endoplasmic reticulum (ER), Golgi, peroxisome 
and lysosomes or vacuoles to name some (Imoto et al., 2011; Kuroiwa, 
2010). However, some organelles like centrosomes, composed of 
centrioles embedded in the pericentriolar material (PCM), and basal 
bodies lack membrane (Loncarek and Khodjakov, 2009; Sun and 
Schatten, 2007). 
Faithful duplication and segregation of subcellular organelles are 
essential features of the eukaryotic cell cycle and are regulated via a 
precisely controlled spatio-temporal sequence of events. Depending on 
the morphology, copy number, and biological functions, different 
organelles may employ different mechanisms to ensure faithful 
replication and partitioning into dividing cells. Molecular mechanisms 
that allow orderly organelle inheritance are increasingly evident in 





Rachubinski, 2007; Imoto et al., 2011; Lowe and Barr, 2007; Sheahan 
et al., 2007). 
Nuclear inheritance that occurs by DNA duplication followed by its 
segregation on the mitotic spindle is a conserved, well organized 
mechanism in most eukaryotes. Other DNA containing organelles like 
mitochondria and chloroplast frequently go under templated duplication 
to transfer their genetic source and membranes to their daughters. 
Several pathological defects including liver disease, muscular 
dystrophy, Huntington disease and cancer are associated with 
alterations in mitochondrial distribution and morphology (Chaturvedi 
and Beal, 2012; Nishino et al., 1998; Yaffe, 1999).    
Centrosomes (basal bodies, spindle pole bodies) are not membrane-
bound, neither do they contain DNA. Centrosomes duplicate in S 
phase and their duplication is tightly regulated with the cell cycle to 
limit it to once per cycle. Centrosomes are important for several 
biological processes including cilia / primary cilia formation (Hatch and 
Stearns, 2010), pronuclear migration in zygotes and defining polarity in 
C. elegans (Cowan and Hyman, 2004). New centrioles can be 
generated either by duplication of the mother centriole or denovo 
assembly depending on the cell type and organism (Loncarek and 
Khodjakov, 2009; Szollosi and Ozil, 1991; Vladar and Stearns, 2007). 
Lacking enough centrosomes or having too many of them, affects the 
centrosome dependant functions leading to developmental defects, 
genome instability and cancer (Basto et al., 2006; Ganem et al., 2009; 





further emphasizing the importance of maintaining the right number of 
centrosomes. 
Many studies on the biogenesis and inheritance mechanisms of single 
membrane-bound organelles were performed in the budding yeast 
(Saccharomyces cerevisiae) due to its polarized growth and 
asymmetric cell division. Early Golgi is produced de novo in the buds 
while late Golgi can be either made de novo or transferred from the 
mother (Pon, 2008; Reinke et al., 2004). Golgi secretory vesicles 
containing compartments of Golgi and ER, mitochondria, peroxisomes 
and vacuoles travel to the bud using a class V myosin motor moving 
on the actin cables (Fagarasanu et al., 2010; Pon, 2008; Pruyne et al., 
2004). However, the nucleus and its linked ER use a microtubule-
based mechanism of inheritance (Fagarasanu et al., 2010; 
Fehrenbacher et al., 2002). Generally speaking, cytoskeletal 
components, such as actins and microtubules, are critically involved in 
precise positioning and inheritance of many organelles in different 
organisms (Drubin et al., 1993; Gull, 2001; Striepen et al., 2000; Yaffe, 
1999).  
Whereas the duplication and division of certain organelles is relatively 
well understood, how different organelles are coordinatedly regulated 
during biogenesis and inheritance remains less investigated. Simple 
eukaryotes containing multiple single-copied organelles are good 
models for studying organelle inheritance and mechanisms underlying 






1.2 Trypanosomes, an overview 
Organisms of the Trypanosoma species belong to the taxon 
kinetoplastida, a group of flagellated protozoa that are defined by a 
unique network of condensed mitochondrial DNA known as kinetoplast 
(Stuart et al., 2008). Trypanosoma brucei, Trypanosoma cruzi and 
Leishmania major  (aka the TriTryps) share many common features at 
both morphological and genomic level (Berriman, 2005), and are the 
best studied trypanosomatids. These species are among the earliest 
divergent eukaryotes to have emerged on earth around 300 million 
years ago (Dacks and Doolittle, 2001; Simpson et al., 2006). Despite 
their great similarity, each member of the TriTryps is responsible for a 
distinct human disease.  
1.2.1 Trypanosoma brucei 
Trypanosoma brucei is an extracellular single-celled parasite causing 
human African trypanosomiasis (HAT), a lethal disease if left 
untreated. Transmitted by tsetse fly (Glossina genus), HAT is endemic 
to 36 countries of the sub-Saharan region, putting ~60 million people at 
risk and leading to 50000-70000 deaths per year (Matthews, 2005).  
In addition to HAT, African trypanosomes also cause Nagana, the 
animal form of trypanosomiasis, thus imposing a great economical 
burden on the sub-Saharan Africa. HAT has two pathological phases 
and depending on the involved subspecies (T.brucei gambiense or 
T.brucei Rhodesiense), a chronic or acute infection showing different 





headaches, pruritus and development of adenopathies are among the 
symptoms of the first stage of the disease. Following penetration 
through the blood-brain barrier, the parasite invades the central 
nervous system (CNS) and patients enter the second phase of disease 
that is characterized by neurological disorders and sleeping 
disturbance, eventually leading to coma and death (Brun et al., 2010; 
Simarro et al., 2008). 
Vaccine is not available. Existing drugs are old, toxic and known to 
cause serious side effects. It is therefore pertinent to further study the 
basic biology of this neglected pathogen and uncover new drug 
targets. 
1.2.2 T.brucei life cycle  
T.brucei takes different developmental forms during its alternating life 
cycle between and within the insect and mammalian hosts (Fig.  1-1). 
Procyclic form found in the midgut of the fly vector and the 
bloodstream form living in the mammalian host are the two proliferative 
forms that can be cultured in vitro. Switching between these two cycles 
requires environmental and nutrient alternations, and the differentiation 
processes are accompanied by changes in gene expression, cell 
architecture and primary metabolism (Field and Carrington, 2009; 






Fig.  1-1. The life cycle of T.brucei in mammals and tsetse fly. 
Bloodstream, procyclic and epimastigote are the proliferative (P) forms while 
short stumpy and metacyclic are the quiescent (Q) forms of the parasite in 
different hosts. This study focused on the procyclic form, which proliferates in 
the midgut of tsetse fly. Adapted and modified from (Hee Lee et al., 2007). 
 
 
Upon infection by the bite of a tsetse fly carrying the infectious 
metacyclic form parasite, dividing long slender form parasites first 
emerge in the bloodstream and tissues of the infected mammals. 
Primarily by sequential expression of their distinct variant surface 
glycoproteins (VSGs)(Cross, 1978), these parasites escape the host 
immune system. At high density, some long slender form cells continue 
to invade the central nervous system (CNS) and some stop dividing 
and differentiate to the non-dividing short stumpy form to pre-adapt 
before entering the fly vector. After transmission to the insect vector 
mid gut, a rapid differentiation to the proliferative procyclic form occurs. 





mammalian infective growth arrested metacyclic form residing in the 
salivary glands of the tsetse fly. The parasites life cycle will be 
completed by entering the mammalian host via the fly bite (Field and 
Carrington, 2009; Matthews et al., 2004). 
1.2.3 T.brucei molecular genetics  
In addition to its biomedical importance, T.brucei has also served as a 
simple eukaryotic model system to study many basic molecular and 
cellular mechanisms. T. brucei genome is fully sequenced (Berriman, 
2005), and the parasite is genetically tractable. Generating knockouts, 
tagging endogenous genes with various reporters through homologous 
recombination, inducible ectopic expression and RNAi (to specifically 
knock down gene expression), and stable constitutive overexpression 
can all be conducted on T.brucei (Shen et al., 2001; Wang, 2000). 
Recent production of large scale RNAi libraries offers further 
opportunities for studying the potential interesting mutants (Alsford et 
al., 2011; Morris et al., 2002; Schumann Burkard et al., 2011). 
1.2.4 T.brucei cell architecture  
T.brucei, ~10-15µm in length (including the flagellum) and 3-6 µm in 
width, has a defined cell shape due to the support of a stable polarized 
microtubular corset (subpellicular microtubules) (Robinson et al., 1995; 
Sherwin and Gull, 1989). Minus ends of these MTs are located at the 
anterior side of the cell, and their plus ends lie at the posterior region 





The single nucleus of T.brucei contains 11 megabase-sized diploid 
chromosomes carrying a 26-megabase genome. Among the predicted 
9068 genes of this genome, ~1700 are T.brucei specific and ~ 900 are 
pseudogenes (Berriman, 2005).  
T.brucei carries a single Golgi and a mitochondrial network that takes 
different morphologies and roles in the procyclic and bloodstream 
forms. The slender bloodstream form harbours a simple tubular 
mitochondrion nearly devoid of the cristae, the cell thus relies on the 
glucose source that is abundantly present in the host bloodstream, 
producing ATP via glycolysis pathway. In contrast, mitochondria of the 
procyclic form cells have a well developed structure with abundant 
cristae. The procyclic mitochondria therefore play an active role in 
energy metabolism by oxidative phosphorylation, adapting to the 
limited supply of glucose in the tsetse fly midgut (Parsons, 2004; 
Schnaufer et al., 2002). 
The mitochondrial genome, kinetoplast, is a condensed disc-like 
network ~650 nm in diameter and ~100 nm in thickness. It contains 40-
50 maxicircles (each ~22Kb with identical sequences) encoding the 
mitochondrial proteins, rRNAs and some guide RNAs. In addition, 5-10 
thousand minicircles (~1Kb with heterogenous sequences) code guide 
RNAs essential for editing maxicircle transcripts. Maxi and mini circles 
are interlocked together forming the dense kinetoplast (Gluenz et al., 





Kinetoplast is physically linked to the proximal end of the basal bodies 
via a transmembrane filament system known as the tripartite 
attachment complex (TAC). TAC consists of a set of unilateral 
filaments linking the flagellar face of the kinetoplast DNA to 
mitochondrial membrane and a further set of filaments designated as 
exclusion zone filaments running between the adjacent outer 




Fig.  1-2. Schematic diagram of the TAC structure. This tripartite complex 
is composed of the exclusion zone filaments linking basal bodies to 
mitochondrial membrane, differentiated mitochondrial membrane and the 
unilateral filaments linking mitochondrial membrane to kinetoplast DNA. 
Adapted and modified from (Ogbadoyi et al., 2003). 
 
Basal bodies are structures analogous to centrioles in mammalian cells 
and spindle pole bodies in yeast, both in function and morphology 
(Dawe et al., 2006; Jaspersen and Winey, 2004; Johnson and 





The mature basal body seeds a single flagellum with the classical 9+2 
microtubule axoneme (Fig.  1-4B). An additional specialized lattice-like 
structure known as paraflagellar rod (PFR) (Fig.  1-3 and Fig.  1-4B) 
runs along the flagellum after it exits the cell body at the flagellar 
pocket. The flagellar pocket is an invagination of the plasma 
membrane and the only known site for endo-exocytosis in parasite 
(Landfear and Ignatushchenko, 2001; Overath et al., 1997; Webster 
and Russell, 1993). A cytoskeletal structure known as the flagellar 
pocket collar (FPC), which is critical for flagellar pocket biogenesis, 
clinches the flagellum to the flagellar pocket at its exit point forming a 
ring around it (Fig.  1-4A) (Bonhivers et al., 2008; Gull, 1999). 
 
 
Fig.  1-3. Flagellum of T.brucei. (A) Schematic figure of T.brucei and its 
attached flagellum (yellow). (B) Slice of a tomographic reconstruction of an 
isolated flagellum showing the PFR, connecting proteins and the axoneme 
(Koyfman et al., 2011). 
 
The flagellum is essential for parasite motility, and most of its length is 
attached to the cell body via a complex structure known as the 
flagellum attachment zone (FAZ). FAZ contains protein filaments, and 





(Sevova and Bangs, 2009; Zhou et al., 2011). MtQ nucleates from a 
region near the basal bodies and hence like the axoneme has an 
opposite polarity to the subpellicular microtubules (Fig.  1-4A) 
(Robinson et al., 1995; Sherwin and Gull, 1989; Vaughan and Gull, 
2008; Vickerman, 1969).   
 
Fig.  1-4. FAZ and flagellum structure. (A) Tomographic view of the core 
cytoskeleton of T.brucei. Position of the MtQ, FAZ filaments and the flagellar 
pocket collar relative to the basalbodies and flagellum is shown. The arrow 
head marks the nucleation site of the MtQ. (B) Cross section of the flagellum 
and its association with the cell body. 9+2 microtubules and the PFR are 
represented. Four specialized microtubules (MtQ) and their associated ER 
makes the FAZ. Adapted with permission from (Lacomble et al., 2009). 
 
Fig.  1-5 shows an overview of the T.brucei organelles and their 
localization in a TEM longitudinal section of a cell. It shall be noted that 
in addition to the single-copied organelles described above, there are 
several other interesting membrane bound organelles present at high 
copy numbers. For instance, the glycosomes, which contain most of 
the glycolytic enzymes (Michels et al., 2006; Opperdoes and Borst, 
1977)  and the acidocalcisomes, the acidic organelles rich in calcium 
and phosphate with multiple functions i.e calcium homeostasis, storage 
of cations and phosphorus and osmoregulation  (Docampo et al., 2005; 
Docampo and Moreno, 2011; Moreno and Docampo, 2009). These 





targets. Their biogenesis presents interesting problems and is also 
heavily investigated by others (de Jesus et al., 2010; Docampo and 
Moreno, 2008; Fang et al., 2007; Gualdron-Lopez et al., 2012; 
Moyersoen et al., 2004; Parsons et al., 2001). 
 
Fig.  1-5. Ultrastructural features of T.brucei. From posterior to anterior, 
major organelles including kinetoplast, basal bodies, flagellum, Golgi and 
nucleus are present at single copies in a linear arrangement. Adapted from 
(Yelinek et al., 2009). 
 
1.2.5 T.brucei cell cycle 
T.brucei cell cycle lasts around 8-12 hours in the procyclic form 
(McKean, 2003; Sherwin and Gull, 1989), resulting in faithful 
duplication and segregation of all organelles that are critical for 
generating two viable daughter cells. Having discrete replication and 
division phases for nuclear (N) and kinetoplast DNA (K) sets the 
trypanosomes cell cycle apart from the rest of the eukaryotes, and 
provides convenient cytological markers for cell cycle stages. 
Elongation and maturation of the probasal body is the first observable 
cytological event in a 1K1N cell, immediately followed by nucleation of 





elongating end of the new flagellum is laterally tethered to the old 
flagellum via a mobile transmembrane junction named the flagella 
connector (FC) (Moreira-Leite, 2001). In procyclic cells, the FC is 
formed early in the cell cycle before the new flagellum exits the 
flagellar pocket. As the new flagellum extends, the FC migrates along 
the old flagellum, directing the elongation and the helical arrangement 
of the new structure (Briggs, 2004; Moreira-Leite, 2001). 
Furthermore, during probasal body maturation and new flagellum 
biogenesis, the newly-matured basal body and associated new 
flagellum moves around the old flagellum and relocates posterior to the 
old basal body/flagellum, thus establishing the polarity of new 
organelle formation and segregation for the rest of the cell cycle 
(Lacomble et al., 2010; Sherwin and Gull, 1989) (Fig.  1-6).   
In tandem with the maturation of the probasal body and nucleation of 
the new flagellum, new probasal bodies assemble next to the mature 
basal bodies, completing basal body duplication. Due to the TAC that 
physically links the basal bodies to the kinetoplast (Fig.  1-2), 
mitochondrial genome division follows basal bodies segregation. As 
kinetoplast divides before nuclear DNA, 2K1N cells are formed 
(Ogbadoyi et al., 2003; Robinson and Gull, 1991) (Fig.  1-8).  
Following duplication and segregation of all organelles, nuclear division 
occurs in a ‘closed’ mitosis, generating 2K2N cells. In post mitotic cells, 
nuclei occupy a specific position relevant to the kinetoplasts, often 





critical for the cytokinetic partitioning into two identical cells (Sherwin 
and Gull, 1989).  
Cytokinesis occurs with the formation of a unidirectional cleavage 
furrow ingression along the cell body from the anterior end towards the 
posterior. FAZ is thought to have a role in defining the cleavage 
furrow’s position and direction of cytokinesis, though direct evidence 
has been lacking (Kohl et al., 2003; Robinson et al., 1995; Vaughan 
and Gull, 2008). Whereas duplication and segregation of organelles 
during the cell cycle is best visualized using immunofluorescence 
assays with specific antibodies directed against the organelles, 
duplication of the cytoskeletal structures including the flagellum, basal 
bodies and the subpellicular microtubules can be visualized with great 
resolution at the electron microscopic level, using detergent extracted, 
whole-mount parasites (Fig.  1-6) (Sherwin and Gull, 1989). The major 
cell cycle events mentioned above are summarized schematically in 






Fig.  1-6. Procyclic T. brucei cell cycle revealed by TEM. Cells extracted 
with 1%NP40 in PBS were fixed with 2.5% glutaraldehyde, and negatively 
stained with aurothioglucose. (A) Procyclic cells enter the cell cycle with one 
basal body (BB) and its adjacent probasal body (PBB), one nucleus (N) and 
one flagellum (F). (B) As the cells progress into the cell cycle, the probasal 
body matures and the cell contains two sets of basal bodies, the old pair 
(OBB) and the new pair (NBB). (C) The newly-mature basal body seeds a 
new flagellum (NF), which migrated from the anterior to the posterior side of 
the old flagellum (OF). (D, E) The new flagellum grows with its distal end 
attached to the old flagellum via the flagella connector (FC). This co-incides 
with the increase of cell size, and duplication and segregation of intracellular 
organelles. (F) Cytokinesis initiates at the anterior tip of the cell and the 
furrow cleaves from anterior to posterior side (arrow), generating two 
daughters. One daughter inherits the old flagellum, and the other inherits the 
newly synthesized, more posterior located flagellum. A’, B’ and C’ represent 
the enlarged views of the BB area from A, B and C, respectively. 
 
A characteristic feature of the T.brucei cell cycle is that cytokinesis is 
independent of DNA synthesis and mitosis i.e cells defective in nuclear 
division can divide unequally and generate two daughters, one of them 
being an anucleated cell termed zoid (Li and Wang, 2003; Tu and 
Wang, 2005). Furthermore, mitosis proceeds in cells with inhibited 





multinucleated cells. This implies that the kinetoplast and nuclear 
cycles are dissociated (Das et al., 1994; Kumar and Wang, 2006).The 
kinetoplast cycle is, however, tightly associated with the basal bodies, 
flagellum and FAZ. Whereas the basal bodies drive the kinetoplast 
segregation, they are also coupled to Golgi and ER exit site 
segregation (Field et al., 2000; He et al., 2005). The  latter is mediated 
by a  bi-lobe structure located near the flagellar pocket, adjacent to the 
single Golgi/ER exit site and overlapping with the proximal base of the 
FAZ (He et al., 2005; Shi et al., 2008). 
1.3 Bi-lobe structure 
Bi-lobe was first discovered in procyclic T. brucei using a monoclonal 
antibody (20H5) against Chlamydomonas reinhardtii centrin (He et al., 
2005; Sanders and Salisbury, 1994).  
In addition to the basal bodies, 20H5 labels a bi-lobed structure in 
close association with the single Golgi apparatus (Fig.  1-7).  
 
Fig.  1-7. 20H5 labels both the basal bodies and a bi-lobed structure in 
T.brucei. Open arrowhead marks the basal bodies and the filled arrowheads 
point to the bi-lobe. Golgi is labeled with anti-GRASP (red). Adapted from (He 






Whereas the old Golgi is associated with one lobe early in the cell 
cycle, the new Golgi is assembled at the other, more posterior lobe. As 
the bi-lobe duplicates and segregates following the basal bodies, the 




Fig.  1-8. Schematic representation of T.brucei procyclic cell cycle. 1K1N 
cell with single copy organelles enters the cell cycle (I). The probasal body 
matures and nucleates the new flagellum and the basal bodies duplicate (II). 
The flagellar pocket and bi-lobe duplicate and the new Golgi assembles (III). 
Kinetoplast duplicates and the duplicated organelles segregate (IV). 
Kinetoplasts segregate and the nucleus enters mitosis generating a 2K1N cell 
(V). Nuclei segregate making the cell 2K2N and following the karyokinesis, 
cytokinesis starts at the anterior tip and cleaves posteriorly (VI), producing 






1.3.1 Bi-lobe proteins  
Only four proteins were known to be present at the bi-lobe when I 
started my thesis work in 2008. Functional analyses of these proteins 
suggest a critical role for the bi-lobe in organelle duplication and cell 
division in T. brucei.  
1.3.1.1 Centrins 
Centrins are highly conserved calcium-binding proteins frequently 
found associated with microtubule organizing centers (such as 
centrosomes in higher eukaryotes, basal bodies in lower 
flagellates/ciliates and spindle pole bodies in yeast) and required for 
their duplication, segregation and eventually proper cell division 
(Errabolu et al., 1994; Middendorp et al., 1997; Salisbury, 1995; 
Salisbury et al., 2002; Shi et al., 2008; Tsang et al., 2006). Five 
putative centrins have been identified in T.brucei. Two of them localize 
to the bi-lobed structure in addition to the basal bodies. 
I. TbCentrin2 
From the five putative centrins in T.brucei, only TbCentrin1 [also 
named TbCentrin3 (Selvapandiyan et al., 2012)] and TbCentrin2 can 
be recognized by 20H5. While TbCentrin1 exclusively localizes to the 
basal bodies, the 20kDa TbCentrin2 (Tb927.8.1080) is detected on 
both basal bodies and the Golgi associated bi-lobe (He et al., 2005).  
TbCentrin2 depletion by inducible RNAi inhibits cell growth and causes 
defect in basal body, kinetoplast and Golgi duplication. Without 





mitotic cell containing two nuclei. Despite the arrest in cell division, 
normal nuclear division continues, leading to the accumulation of 1K2N 
cells in early RNAi stages and eventually multinucleated cells upon 
prolonged RNAi induction (He et al., 2005). 
II. TbCentrin4 
TbCentrin4 (Tb927.7.3410) [aka TbCentrin1 (Selvapandiyan et al., 
2007)], a ~16kDa protein  shares 40.8% identity and 51.5% similarity 
with TbCentrin2 (Wang et al., 2012). Similar to TbCentrin2, TbCentrin4 
also localizes to the Golgi associated bi-lobe and the basal bodies of 
T.brucei (Selvapandiyan et al., 2007; Shi et al., 2008).  
YFP tagged TbCentrin2 and TbCentrin4 overlapped on both basal 
bodies and bi-lobe during the cell cycle (Fig.  1-9). Immunoblots of 
synchronized cells revealed an interesting fluctuation of TbCentrin4 
expression during the cell cycle, reaching its lowest level during early 






Fig.  1-9. TbCentrins2 and 4 overlap on the bi-lobe during the cell cycle. 
Cells stably expressing YFP-TbCentrin2 (green) were fixed with methanol 
and labeled with anti-TbCentrin4 (red) and DAPI for DNA (blue). Both 
TbCentrin2 and 4 localize to basal bodies (open arrowheads) and bi-lobe at 
all stages (filled arrowheads) (Wang et al., 2012). 
 
Interestingly, depletion of TbCentrin4 by inducible RNAi also led to 
accumulation of 1K2N cells and eventually multinucleated cells, similar 
to what was observed in TbCentrin2 knockdown. However, the 
organelles duplicate normally in TbCentrin4 RNAi but a concomitant 
increase of zoids was seen in this case. With the exception of the 
nucleus, the zoids contain all other organelles examined. Depletion of 
TbCentrin4 may therefore slow down nuclear division or affect 
coordination of nuclear division with cytokinesis, leading to unequal cell 
division that produces one zoid and one 1K2N daughter (He et al., 







Tb927.6.4670 is an approximately 40kDa protein containing several 
repeats of a membrane occupation and recognition nexus (MORN) 
motif. These 23-amino acid consensus repeats are thought to be 
important for mediating membrane-membrane or membrane-
cytoskeleton interactions (Takeshima et al., 2000). 
Unlike TbCentrin2 and TbCentrin4, TbMORN1 exclusively localizes to 
the bi-lobe (Morriswood et al., 2009). It labels a hook-like/bi-lobed 
structure whose hook-like posterior part overlaps with BILBO1, a 
protein of the flagellar pocket collar (FPC) essential for flagellar pocket 
biogenesis (Bonhivers et al., 2008). TbMORN1 depletion has a mild 
inhibitory effect on procyclic cell growth perhaps due to a delay in 
cytokinesis, but it is lethal in the bloodstream form parasites 
(Morriswood et al., 2009).  
1.3.1.3 TbPLK 
Polo-like kinases (PLKs) are conserved proteins with multiple known 
functions in spindle assembly (Sunkel and Glover, 1988), centrosome 
duplication and segregation (Bettencourt-Dias et al., 2005; Habedanck 
et al., 2005; Warnke et al., 2004), mitosis regulation and cytokinesis 
(Barr et al., 2004; Petronczki et al., 2008; van de Weerdt and Medema, 
2006; van Vugt and Medema, 2005).  
These Ser/Thr kinases are found in a wide range of organisms from 
yeast and kinetoplastids with one PLK to metazoans with at least two 





T.brucei has a single PLK homologue, with 47.2% identity to human 
PLK1 in its kinase domain and 30% in the polo boxes that contain the 
phosphoSer/Thr binding domains (Elia et al., 2003; Graham et al., 
1998; Kumar and Wang, 2006; Yu et al., 2012). TbPLK migrates along 
a series of organelles during the cell cycle in a dynamic pattern.  
Starting with the MtQ at the time of its assembly, TbPLK then localizes 
to the basal bodies as they duplicate,  passing through the FPC and bi-
lobe to the tip of the new FAZ (Ikeda and de Graffenried, 2012). Unlike 
the previous three proteins (TbCentrins2 and 4 and TbMORN1) that 
stably localize to the bi-lobe, TbPLK only transiently localizes to the bi-
lobe during its duplication (Ikeda and de Graffenried, 2012).  
TbPLK function has been investigated by RNAi depletion and 
overexpression of full lengths or truncation mutants (de Graffenried et 
al., 2008; Hammarton et al., 2007; Ikeda and de Graffenried, 2012; 
Kumar and Wang, 2006; Umeyama and Wang, 2008). These studies 
demonstrate that TbPLK has no effect on mitosis as evidenced by the 
generation of multinucleated cells. Cells lacking TbPLK contain 
malformed bi-lobes and abnormal Golgi numbers, implying a role for 
TbPLK in biogenesis of the bi-lobe and associated Golgi biogenesis 
(de Graffenried et al., 2008; He et al., 2005). TbPLK depletion has no 
effect on basal bodies duplication or maturation, but inhibits their 
segregation, leading to impaired kinetoplast division (Hammarton et al., 
2007; Robinson and Gull, 1991). Furthermore, the flagellar pocket 
segregation is also affected, resulting in an enlarged pocket containing 





downregulation generating cells with detached flagella (Ikeda and de 
Graffenried, 2012). 
1.3.2 Bi-lobe’s function and significance 
Bi-lobe is a unique enigmatic structure reported only in T.brucei to date 
(although it is interesting to note that all four bi-lobe proteins 
characterized so far have homologs in other eukaryotes). It duplicates 
and segregates synchronously with basal bodies, Golgi and FAZ 
during the parasite cell cycle. Depletion of bi-lobe proteins leads to 
defects in organelle duplication, segregation and cell division (albeit 
mild in the case of TbMORN1), suggesting an essential role of this 
structure in cell cycle regulation. However, the exact mechanism of the 
bi-lobe role remains unclear.  
Purification of bi-lobe using cell fractionation methods has not been 
successful, likely due to its tight association with the flagellar 
cytoskeleton (Broadhead et al., 2006; Morriswood et al., 2009). To 
further understand the structure, function and mechanism of this 
perplexed structure, new bi-lobe proteins need to be identified.  
Using a comparative proteomics approach as well as an 
immunoisolation approach, I have identified a new bi-lobe marker 
TbLRRP1, as well as several bi-lobe associated proteins. Further 
characterization of these proteins revealed extensive bi-lobe 
association with other organelles and structures, supporting the 
presence of a continuous cytoskeletal network that co-ordinates 





mechanism may help to ensure faithful duplication and inheritance of 







Chapter 2- Materials and methods 
2.1 Cell lines 
Procyclic 29.13 Trypanosoma brucei brucei cells (Wirtz et al., 1999), 
genetically modified to express T7 RNA polymerase and tetracycline 
repressor, were maintained in Cunningham medium containing 15% 
heat-inactivated, tetracycline-free fetal bovine serum (Clontech) in the 
presence of 15 mg/ml G418 and 50 mg/ml hygromycin at 28ºC. They 
were used for inducible RNA interference (RNAi) and overexpressions. 
The procyclic form YTat cells (T. brucei gambiense) (Ruben et al., 
1983) were maintained in Cunningham medium containing 15% heat-
inactivated fetal bovine serum (BD Biosciences) at 28°C. YTat was 
used for most of the recombinant expressions and endogenous 
replacement experiments. Bloodstream form single marker cells (Wirtz 
et al., 1999) were maintained in HMI-9 medium containing 10% heat-
inactivated, tetracycline-free fetal calf serum (Clontech) at 37°C in an 
incubator containing 5% CO2 . 
2.2 Plasmid construction and transfection 
Table  2-1 lists all the vectors used in this study. To clone genes in 
each of these vectors, the insert sequence (Table  2-2) was PCR 
amplified and cloned into appropriate sites in the plasmid vector. RNAit 
(http://trypanofan.path.cam.ac.uk/software/RNAit.html) was used to 





For transient transfections, 50 µg plasmid was transfected into ~ 5x107 
log-phase cells by 2 pulses of electroporation with 10sec interval using 
a BioRad Gene Pulser (1500 V, 25 µF, ∞ Ω). The ectopic gene 
expression was then monitored by ~8-24 hours post transfection. For 
stable cell transfections, 15µg linearized plasmid was used under the 
same electroporation conditions. Stable clones were obtained by serial 
dilution and selection with appropriate antibiotics for ~10-12 days.  
In RNAi experiments, production of double stranded RNA is induced 
via addition of 10µg/ml tetracycline. 
Table  2-1. List of vectors used in this study. 














(Morriswood et al., 
2009) 
Blasticidin PacI / NsiI 










(Wirtz et al., 1999) Phleomycin NotI 
PZJM RNAi (Wang, 2000) Phleomycin NotI 












Table  2-2. List of constructs generated in this study. The asterisks mark 
the pXS2 plasmids whose transfected stable cell line was not obtained either 
due to its lethal phenotype (BB50) or localizing to a region that was not of our 
further interest. All primers were synthesized by 1st BASE. YFP-gene name 
represents YFP fusion to the N-terminus of the gene, and gene name-YFP 
represents YFP fusion to the C-terminus of the gene of interest.  
 
Construct Insert restriction sites + primers  
TOPO-YFP-
TbLRRP1 
-500 bp 5’ UTR 
-1-500bp TbLRRP1 
(Tb927.11.8950) cDNA  
F(UTR): PacI-TCGTCAATGTGGCTCCG 
R(UTR): HindIII- TTATGTGCTTTCTCTA 
TGCTACTCTTG 
































-500 bp 5’ UTR 









PZJM-BB50 175-598 bp BB50 cDNA F:XbaI-TGCTCGCCTCACAGTTATTG 
R:XbaI-TCACGCACCATCTCTCTCAC 


















-500 bp 5’ UTR 
















P2T7-FP45 4-410 bp FP45 cDNA F:HindIII-CCGTAACGAAGCCAAGAGAG R:BamHI-GATGGGGACCACAAAAACAC 
TOPO-YFP-
p197 
-500 bp 5’ UTR 










PZJM-p197 2671-3081 bp p197 cDNA F:XbaI-GGGTTGCACTGGAATCAACT 
R:XbaI-ACGGAGAGAAAGAGGCACAA 









pXS2-YFP-2950  Tb927.9.11830 
(Tb09.211.2950) 














































2.3  Antibodies  
A 699 bp fragment of TbLRRP1 coding sequence (aa480-713), which 





6×His tag and expressed in E. coli strain BL21. The fusion protein was 
affinity purified in urea using Ni-NTA resin as described in User’s 
Manual (Amersham Pharmacia Biotech), and then used to produce 
mouse monoclonal antibodies. 
Full-length coding sequences of TbSpef1 and FP45 were expressed as 
His-tagged fusions in E. coli.  Affinity purified His-FP45 was then used 
to inject rats for polyclonal antibody production. Affinity purified His-
TbSpef1 was treated with thrombin to remove the His-tag, and then 
injected into rabbits for polyclonal antibody production. Purified IgG 
was used for immunoblottings, immunofluorescence assays and 
immunoEM where mentioned in the text. A complete list of the 
antibodies used and generated in this study is shown in Table  2-3.  
Table  2-3. List of antibodies used in this study. MC, Monoclonal; IF, 
immunofluorescence; IB, immunoblotting. All antibodies are polyclonal except 









































TbLRRP1 Mouse/MC (Zhou et al., 
2010) 







TbMORN1 Rabbit (Morriswood 
et al., 2009) 
Bi-lobe 1:1000 1:1000 
Anti-
TbSpef1* 
TbSpef1 Rabbit Generated 
for this study  
pMtQ 1:500 1:500 
L3B2 FAZ-1 Mouse/MC (Kohl et al., 
1999) 
FAZ 1:25 - 
Anti-CC2D CC2D Rabbit (Zhou et al., 
2011) 
FAZ 1:1000 - 
Anti-PFR1 PFR1 Mouse Lab’s 
unpublished 
data 
Flagellum 1:2000 1:3000 
Anti-PAR PAR Mouse (Ismach et 
al., 1989) 
Flagellum 1:10000 - 
Anti-
TbFP45* 
TbFP45 Rat Generated 











B-5-1-2 α-tubulin Mouse/MC Santa Cruz Microtubule - 1:5000 
KMX-1 β-tubulin Mouse/MC Roche Microtubule/ 
spindle 
- 1:5000 
Anti-YFP YFP Rabbit Abnova - 1:500 1:1000 
Anti-GFP GFP Rabbit (Pelletier et 
al., 2002) 
- 1:1000 1:1000 
Anti-Bip Bip Rabbit (Bangs et al., 
1993) 
ER 1:1000 1:2000 
Anti-Grasp Grasp55 Rabbit (He et al., 
2004) 
Golgi 1:1000 - 
Anti-La La protein Rabbit (Foldynova-
Trantirkova 
et al., 2005) 






2.4 Preparation of flagellum and flagellar 
complex 
The flagellar complex was prepared using a two-step extraction 
method previously described (Broadhead et al., 2006; Zhou et al., 
2010). 3×109 procyclic parasite cells were harvested, washed and got 
extracted by PEM buffer (100 mM PIPES,1 mM EGTA, 1 mM MgSO4, 
pH 6.9) containing 1% NP-40 and 1 M KCl. Most cellular components 
are removed by high salt extraction but the core protein components of 
the flagellum, and organelles tightly associated with the flagellum such 
as the basal bodies and the bi-lobed structure remain intact 
(Morriswood et al., 2009) . 
Flagella free of basal bodies and bi-lobes were purified using a 
procedure described previously (da Cunha e Silva et al., 1989) with the 
following modification. Briefly, 3×109 YTat procyclic cells were 
harvested, washed and resuspended in homogenization buffer 
containing 0.32 M sucrose, 25 mM Tris HCl, pH 7.4, 5 mM MgCl2, 0.1 
mM CaCl2, 0.2 mM EDTA, 12 mM beta-mercaptoethanol and 1% 
bovine serum albumin. The cells were sonicated for 5 cycles with 
20sec pulse and 40sec rest, at 20% maximum output (130 W) to 
detach flagella from intact cell bodies. The homogenate was 
centrifuged at 800 g for 15 min to remove unbroken cells. The 
supernatant containing the detached flagella was then centrifuged at 
6900 g for 15 min in a JA20 rotor pre-chilled to 4°C. The precipitated 





6 ml 0.61 M sucrose cushion, and centrifuged at 850 g for 15 min in a 
SW41 rotor. The top layer and the interface containing the detached 
flagella were then loaded on top of a step sucrose gradient containing 
2 ml each of 2 M, 1.84 M, 1.66 M and 1.5 M sucrose, and centrifuged 
at 75,000 g for 16 hours in a SW41 rotor. Highly enriched flagella were 
collected from the 1.66M/1.84M interface and sequentially extracted 
with 1% NP-40 and 1 M KCl made in PEM buffer. 
2.5 iTRAQ labeling and liquid chromatography 
Samples containing flagellar complexes and flagella only were 
quantified for protein concentration, denatured and the cysteines 
blocked as described in iTRAQ protocol (Applied Biosystems, CA). The 
protein samples were then digested with trypsin and labeled with 
iTRAQ reagents as follows: flagellum fraction with 114 and 116 
reagents and flagellar complex with 115 and 117 reagents. The 
iTRAQ-labeled samples were pooled together, cleaned up using a 
cation exchange column, separated by reversed-phase high 
performance liquid chromatography and analyzed by ABI 4800 MALDI 
TOF/TOF MS/MS. 
2.6 Cell fractionation 
As outlined in Fig.  2-1, 2×109 wild type YTat cells were harvested by 
centrifugation at 1000g, washed and resuspended in homogenization 
buffer containing 250 mM sucrose, 50 mM HEPES-KOH pH 7.4, 25 
mM KCl and 5 mM MgSO4 supplemented with protease inhibitors 





press at 1000 psi or sonicated for total 12 sec (6 cycles of 2 sec 
sonication followed by 10 sec rest) at 80% amplitude (Sonics-Vibracell, 
130W). Homogenates were then centrifuged for 5min at 1000g to clear 
the unbroken cells and large cell debris. The next rounds of centrifuge 
were performed at 10,000g for 30 minutes to eliminate the nucleus and 
cytoskeleton followed by one hour centrifuge at 100,000g in a SW41 
rotor to pellet the organelles, microsomes and small vesicles, all done 
at 4ºC. 
 






2.7 Immunoisolation of the bi-lobe 
100ml log phase YFP-TbLRRP1 cells (with YFP-TbLRRP1 expressed 
from an endogenous allele) were harvested by centrifugation at 1800g 
for 10 min and washed twice in 50ml and 25ml lysis BufferH (250mM 
sucrose, 50mM Hepes-KOH, pH7.4, 4mM MgCl2) respectively (Grab 
et al., 1987). Cells were then resuspended in 1ml cold buffer H 
supplemented with protease inhibitor cocktail (Roche) and 1mM 
PMSF. Parasite suspension was then sonicated for a total of 12 sec (6 
cycles of 2 sec sonication followed by 10 sec rest) at 80% amplitude 
(Sonics-Vibracell, 130W). The efficiency of the homogenization and 
integrity of the bi-lobe was monitored by microscopy. After 
homogenization, cell lysates were centrifuged at 2500g for 5min at 4°C 
to remove unbroken cells and large cell debris. The supernatant was 
treated with DNaseI on ice for 30min. To immunoisolate the YFP-
labeled bi-lobe, 100 µl protein G conjugated magnetic beads 
(Dynabeads, Invitrogen) were coated with anti-YFP by incubating with 
the antibody for 30min at room temperature. After extensive washes 
with PBS, the anti-GFP-coated beads were added to the DNaseI-
treated supernatant and incubated for 4 hours at 4°C with gentle 
mixing. Following extensive washes with buffer H, the magnetic beads 
were examined by fluorescence microscopy to monitor bi-lobe binding. 
Proteins bound to the beads were eluted by boiling in the gel loading 
buffer containing 1% SDS, fractionated on 12% SDS PAGE and 
processed for silver staining and immunoblottings. Parasites 





used as negative controls. For further mass spectrometry analyses, gel 
regions containing the specific bands were excised, trypsinated and 
vacuum dried. The immunoisolation process is summarized as a 
flowchart in  
Fig.  2-2. 
 
 






2.8 LC-MS/MS and data analysis 
0.1% formic acid was used to reconstitute the dried peptides. Peptides 
were then analyzed by an LTQ-FT ultra mass spectrometer (Thermo 
Fisher Scientific) and a ProminenceTM HPLC unit. Before re-
equilibrating the column at 5% buffer B for 8min, a 90 min gradient was 
established using mobile phase buffer A (0.1% formic acid in H2O) and 
buffer B (0.1% formic acid in acetonitrile). The gradient began with a 
ramp from 5 to 30% B followed by 50% B and a ramp from 50 to 80% 
B for 66min, 10min and 4min respectively. HPLC was operated at a 
constant flow rate of 20 µl/ min, and approximately 300 nl/ min at the 
electrospray emitter (Michrom BioResources). An ADVANCETM 
CaptiveSprayTM Source (Michrom BioResources) with an electrospray 
potential of 1.5 kV was used to ionize the samples. Data acquired by 
LTQ-FT ultra in the positive ion mode was used to perform a full MS 
scan at a resolution of 100,000 and a maximum ion accumulation time 
of 1,000ms. For collecting peptides and measuring their fragments 
generated by CID, a linear ion trap with the default AGC was used. All 
MS/MS spectra were searched for protein identifications 
against T.brucei  GeneDB 
(http://www.genedb.org/Homepage/Tbruceibrucei927) using Mascot 
(version 2.2.07, Matrix Science, Boston, MA, USA) search engines.  
2.9 Immunofluorescence microscopy  
Procyclic or bloodstream form cells were washed and resuspended in 





fixed and permeabilized with cold methanol (-20°C) or 4% PFA 
followed with 0.25% Triton X-100, where mentioned. For extracted 
cytoskeletons, cells attached to coverslips were incubated with PEM 
(100mM PIPES, 1mM EGTA, 1mM MgSO4, pH 6.9) containing 1% 
NP40 with or without 1M NaCl at room temperature for 5min. The 
extracted cytoskeletons were then fixed with 4% PFA. Fixed samples 
were then blocked with 3% BSA in PBS and probed with the 
corresponding antibodies with a dilution mentioned in Table  2-3. 
Nuclear and kinetoplast DNA were stained with 10µg/ml DAPI for 20 
minutes. Labeling of the bloodstream form cells with Texas-red labeled 
tomato-lectin (Vector Labs) was performed at 37°C for 20minutes. 
Cells were then fixed with 4% PFA and permeabilized with 0.1% 
Tritron X-100 before immunolabeling with anti-FP45.  
Images were acquired using a Zeiss Axio Observer microscope 
equipped with a 63×NA1.4 objective and a CoolSNAP HQ2 CC2D 
camera (Photometrics) or LSM 510 META (Zeiss) equipped with an EC 
Plan-Neofluar 100× NA1.3 objective. The superresolution images were 
acquired by a Zeiss ELYRA system equipped with a 63× Plan-
Apochromatic 1.4NA and an Andor iXon DU 885 EMCCD for the SR-
SIM images. Adobe photoshop was used for processing images. 
2.10 Cell motility assay 
At various points of TbLRRP1-RNAi induction, cells were diluted using 
fresh culture medium to approximately 105 cells/ml. 10 µl of diluted cell 





20×NA0.4 objective. Images were captured every second for a total of 
60 seconds using a high-speed HSM camera (Zeiss). The movement 
of individual cells was traced using ImageJ software with MtrackJ 
plugin. The mean velocity of individual cells was calculated according 
to the moving distance and moving time. Sedimentation assays were 
performed following previously described method (Bastin et al., 1999). 
Briefly, TbLRRP1-RNAi cells were diluted to 5×106 cells/ml using fresh 
medium with or without tetracycline. 1 ml diluted cell culture was 
maintained at 28ºC and measured for optical density at 600 nm every 
two hours for a total of 8h. The change in OD value (∆OD @600 nm) 
was calculated by subtracting the initial OD value obtained at t=0 from 
the OD values obtained at later time points. 
2.11 Electron microscopy 
 2.11.1  TEM on extracted cytoskeleton 
107 cells were harvested, washed with PBS, and attached to carbon 
formvar coated nickel grids (EMS). Cells were extracted in PBS buffer 
containing 1% NP40 for 5 minutes at room temperature and fixed with 
2.5% glutaraldehyde. 
The grids were washed in PBS and ddH2O respectively and briefly (5 
sec) stained with 0.5% aurothioglucose prepared in distilled, deionized 
H2O.  Grids were observed and imaged by a JEOL 1200 EX electron 






 2.11.2  Immuno-EM on core cytoskeleton  
Immunogold labeling was performed on cytoskeletons extracted with 
1% NP40 and 1M NaCl. Cells were prepared as above except that 
extraction was performed in PEM buffer with 1% NP40 and 1MNaCl for 
30min. The extracted cytoskeletons were washed with PEM, fixed with 
2.5% glutaraldehyde, neutralized with 100mM glycine, blocked with 1% 
BSA, and labeled with anti-TbSpef1 (1:200) or anti-GFP (1:100). Goat-
anti-rabbit IgG conjugated to 10nm gold particles (EMS) was used at 
1:100 dilution where little background labeling was observed. The 
labeled grids were washed, fixed again with 2.5% glutaraldehyde, and 
stained briefly on a drop of 0.5% aurothioglucose. Following air dry, 
grids were observed and imaged by a JEOL 1200 EX electron 
microscope. 
 2.11.3  Immuno-cryoEM 
For immuno-cryoEM, procyclic cells induced for YFP-FP45 expression 
were fixed with 4% paraformaldehyde and 0.2% glutaraldehyde in 100 
mM phosphate buffer (pH 7.2) for 1 hour at 4°C. Samples were then 
embedded in 10% gelatin and infiltrated overnight with 2.3M sucrose, 
20% polyvinyl pyrrolidone in PIPES with MgCl2 at 4°C. After getting 
trimmed and frozen in liquid nitrogen, samples were sectioned and 
probed with anti-GFP followed by the gold conjugated secondary 
antibody (Jackson ImmunoResearch Laboratories, West Grove, PA). 





with 0.3% uranyl acetate and 2% methyl cellulose and observed with a 
JEOL 1200 EX electron microscope. 
  2.11.4  Scanning electron microscopy (SEM) 
106 cells were settled on glass coverslips for 30min. Cells were 
extracted with 1% NP40 plus 1MNaCl in PBS for 20 min at room 
temperature. Fixation was done by 4% paraformaldehyde and 2.5% 
glutaraldehyde. Cells were washed briefly with ddH2O and incubated in 
1% OsO4 (in H2O) for an hour. After three rounds of 5min wash in 
water, the cover slips were either left at RT to dry overnight or were 
serially dehydrated for 10 min in each of 30%, 50%, 70%, 80%, 90%, 
95% and 100% ethanol respectively. Following critical point drying (for 
dehydrated samples only) coverslips were carbon coated by the JOEL 
vaccum evaporator and observed and imaged using a Helios NanoLab 
Dual beam electron microscope (FEI). SEM was done on the TbSpef1 
RNAi cells. 
2.12 Cell growth assays  
Procyclic cells at the log-phase (~6-8×106 cells/ml), were diluted with 
culture medium to 2×105 cells/ml. Cells were counted every 24hrs 
using a hemocytometer and were always kept at the exponential 
growth conditions by dilution. The doubling number was calculated as 
follows: doubling number = log2 (Nt × DF)/N0, where Nt was the cell 
density at each time point, N0 was the cell density at t=0 (i.e. 2×10 5), 






Chapter 3- Results  
Due to the tight association of the bi-lobe with flagellum, basal bodies 
and other cellular structures (Morriswood et al., 2009), purification of 
the bi-lobe for proteomic analyses through traditional cell fractionation 
approaches has been difficult. A comparative approach was therefore 
used to identify new bi-lobe proteins (Fig.  3-1).  
3.1 Purification of T.brucei flagella 
The flagellar complex, which contained the flagellum and flagellum-
associated basal bodies and bi-lobed structures, was purified as 
previously described using a two-step extraction with 1%NP-40 and 
1M KCl (Broadhead et al., 2006; McKeithan and Rosenbaum, 1981; 
Morriswood et al., 2009). To purify the flagellum free of associated 
structures, flagella were detached from the cell bodies by sonication 
and then purified using sucrose density gradient ultracentrifugation. 
Like the flagellar complex, the purified flagellum was also extracted 







Fig.  3-1. Purification of the flagellum and flagellar complex for 
comparative proteomics. Red, flagellum; green, bi-lobe; yellow, basal 
bodies;  blue, nucleus (large) and kinetoplast (small). 
 
To confirm the lack of basal bodies and the bi-lobed structure, the 
purified flagellum fraction was fixed and labeled with an antibody 
against TbCentrin4, which stained both the basal bodies and the bi-
lobed structure (Shi et al., 2008). While TbCentrin4 labeling was 
readily identifiable at the proximal tip of each flagellum in the extracted 
flagellar complex, no TbCentrin4 staining was detected in the detached 
flagella fraction (Fig.  3-2A and B). Immuno-blotting analyses further 
confirmed the absence of La, a small nuclear protein, and the 
enrichment of PFR1, a paraflagellar rod protein in both of the flagellar 
complex and the flagellum fraction. TbCentrin4 was enriched in the 
flagellar complex, but largely eliminated in the detached flagella 






Fig.  3-2. Purification of flagellar complex and detached flagellum. (A) 
Flagellar complex purified through sequential extraction with 1%NP40 and 
1M KCl contained basal bodies (arrowheads) and bi-lobed structures (arrows) 
in addition to the flagella as shown by anti-TbCentrin4 staining (red). (B) 
Purified detached flagella were free of basal bodies and bi-lobed structures. 
(C) Immunoblottings showed the absence of nuclear La protein and the 
enrichment of PFR1 in both flagellar complex and detached flagellum 
samples. TbCentrin4, however, was enriched only in flagellar complex but not 
in purified flagellum. 
 
3.2 Comparative proteomics using iTRAQ 
The flagellar complex fraction is different from the flagellar fraction in 
containing the flagellar associated organelles like bi-lobe and basal 
bodies. In search for new bi-lobe proteins, a comparative proteomics 
method (iTRAQ), described under  2.5, was used to compare the 
protein contents of these two fractions. Proteins that were relatively 
more abundant in the flagellar complex fraction compared to the 
flagellar fraction, were the ones reasoned to be present on the 






A total of 223 proteins were identified, from which 151 were also found 
in the previously published flagellar proteome (Broadhead et al., 2006). 
42 proteins were found to be more enriched in the flagellar complex. 
Further bioinformatic analyses identified 14 putative ribosomal 
proteins, and 10 putative mitochondrial, glycosomal or nuclear 
proteins. Many of these represented contaminants and were also 
found in the other flagellar proteome study (Broadhead et al., 2006). 
Remarkably, TbMORN1, a known bi-lobe protein (Morriswood et al., 
2009) and TbBILBO1 (Bonhivers et al., 2008), a structural FPC protein, 
were both found in this dataset. The presence of TbMORN1 and 
TbBILBO1 validated the comparative proteomics approach to identify 
proteins tightly associated with the flagellum. However, no centrin 
proteins (TbCentrins 2 and 4) were found enriched in the flagellar 
complex using this approach perhaps due to their low abundance in 
the parasite cell or the flagellar complex. 
 
3.3 TbLRRP1, a new bi-lobe candidate 
16 flagellar complex enriched proteins with coding sequences less 
than 4.5Kbp were investigated for their cellular localization by YFP-
tagging (Appendix A). As expected, most of these proteins were 
present on flagellar associated structures such as the basal bodies and 
the FAZ.  
Among these was the protein product encoded by Tb11.01.0680, 
which was previously named TbHERTS (Broadhead et al., 2006). 





hereafter re-named as TbLRRP1 due to the presence of leucine-rich 
repeats in its N-terminal half  (Fig.  3-3).  
 
Fig.  3-3. Domain organization of TbLRRP1. Numbers indicate the amino 
acid residues. CC, coiled-coil domain. 
 
YFP tagged TbLRRP1 was found to be present on a bi-lobed or looped 
structure. These structures were located near the kinetoplast and 
duplicated and segregated during the cell cycle (Fig.  3-4). The 
structures labeled by YFP-TbLRRP1 fusion were reminiscent of the 
Golgi-adjacent bi-lobed structure marked by TbCentrin2, TbCentrin4 
and TbMORN1. 
 
Fig.  3-4. YFP-TbLRRP1 is present on a bi-lobed / looped structure. Cells 
stably overexpressing YFP- TbLRRP1 fusion showed staining of looped or bi-
lobed structures (green) that duplicated and segregated during the cell cycle 
(left to right). DIC images of corresponding fluorescence images are shown in 







3.4 TbLRRP1 localizes to the bi-lobed structure 
To confirm the bi-lobe localization, specific mouse monoclonal 
antibodies were raised against a TbLRRP1 fragment (aa 481-713 that 
contains the CC domain) and characterized by immunoblotting (Fig. 
 3-5) and immunofluorescence (Fig.  3-6).  
 
Fig.  3-5. Characterization of TbLRRP1 antibody. Total cell lysates 
containing equal amounts of protein from control YTat cells or cells stably 
expressing YFP-TbLRRP1 were fractionated by SDS-PAGE and immuno-
blotted using anti-GFP and anti-TbLRRP1 antibodies, respectively. The anti-
TbLRRP1 antibody detected only a single band in YTat lysate at ~75 kDa, 
which was close to the estimated size of the TbLRRP1 protein. In the YFP-
TbLRRP1 lysates, however, two bands were detected, one at ~75 kDa for the 
wild type protein, the other at ~100 kDa for the YFP-TbLRRP1 fusion.  The 
latter was also detected by anti-GFP. “**” indicates a non-specific band just 
below 75kDa detected by the anti-GFP antibody, which was present in both 
YTat and YFP-TbLRRP1 lysates. 
 
To clarify the cellular localization of TbLRRP1, immunofluorescence 
assays together with anti-TbCentrin4 or anti-TbMORN1 (bi-lobe 
proteins) were performed (Fig.  3-6A, B). TbLRRP1 was found only on 





on the basal bodies that were also stained by anti-TbCentrin4. Many 
TbLRRP1-labeled structures showed a loop-like staining at the 
posterior end, similar to that observed with TbMORN1 (Morriswood et 
al., 2009). 
The association of the TbLRRP1-labeled structure with the Golgi 
apparatus was also examined (Fig.  3-6C). Similar to the results 
observed previously with TbCentrin2, TbCentrin4 and TbMORN1 (He 
et al., 2005; Morriswood et al., 2009; Shi et al., 2008), the single Golgi 
apparatus was found to be adjacent to the anterior half of the 
TbLRRP1 structure. This close association persisted throughout the 
entire cell cycle.  
 
 
Fig.  3-6. TbLRRP1 is a bi-lobe protein. (A, B) YTat cells were stained for 
TbLRRP1 (green) and bi-lobe markers TbCentrin4 (A, red) or TbMORN1 (B, 
red), and images acquired by confocal microscope. While TbLRRP1 
overlapped with TbCentrin4 and TbMORN1 on the bi-lobe (arrows), it was not 






were stained for TbLRRP1 (green) and a Golgi matrix marker TbGRASP 
(red). The Golgi apparatus was adjacent to the TbLRRP1-labeled bi-lobe 
during replication and segregation throughout the cell cycle. 
 
3.5 Functional studies on TbLRRP1 
3.5.1 TbLRRP1 is essential for parasite growth  
To evaluate the function of TbLRRP1, the protein was depleted by 
tetracycline-inducible RNAi (Wang, 2000). Although efficient protein 
depletion was evident at 24 hours post-induction in both immuno 
fluorescence assays (Fig.  3-7A, B) and immunoblottings (Fig.  3-7C) 
using the anti-TbLRRP1 antibody, cells continued to duplicate at 
normal rate up to 48 hours post-induction (Fig.  3-7D).  Cell duplication 
only slowed down and then stopped after 72 hours post-induction, a 
kinetics similar to that observed in TbCentrin2-RNAi cells but slower 






Fig.  3-7. TbLRRP1 RNAi affects the cell growth. (A-C) Cells with a stably 
integrated TbLRRP1-RNAi construct were grown with tetracycline to induce 
RNAi or without. Samples were then taken for immunofluorecence labeling 
with anti-TbLRRP1 (green) (A, B), immunoblottings with anti-TbLRRP1 and 
anti-alpha-tubulin (C) and growth assay (D); results are shown as mean±SD, 
(n=3). 
 
3.5.2 The effects of TbLRRP1 RNAi on cell division 
To analyze the effect of TbLRRP1 depletion on cell division, the 
TbLRRP1-RNAi cells were fixed and stained with DAPI to monitor their 
DNA contents at different time points (Fig.  3-8). The unsynchronized, 
un-induced control population contained ~82% cells with 1K1N (a 
single kinetoplast and a single nucleus), ~9% with 2K1N (duplicated 
kinetoplast but not yet the nucleus) and ~9% with 2K2N (two 
kinetoplasts and two nuclei). The cells induced for TbLRRP1 depletion, 






significant increase in 1K2N cells (p<0.01) was first observed at 48 
hours post-induction, and this was followed by accumulation of 
multinucleated cells at 72 hours post-induction. The number of 
anucleated zoids increased only slightly during the course of induction 
and it represented ~5% of the population at the most, suggesting 
inhibited kinetoplast division and cell division but not the nuclear 
division, similar to that of TbCentrin2-RNAi (He et al., 2005).  
 
Fig.  3-8. TbLRRP1-RNAi inhibited kinetoplast division and cytokinesis. 
Stable cell line carrying the TbLRRP1-RNAi plasmid was cultivated in the 
presence or absence of tetracycline to induce RNAi or not. Samples were 
taken every 24hrs for DAPI staining to monitor cellular DNA contents. Results 
were shown as mean ± SD. 500 cells were counted at each time point in 
each of 3 independent experiments. 
 
3.5.3 The effects of TbLRRP1 RNAi on cell motility 
Previous report suggested that TbLRRP1 depletion had inhibitory 
effects on parasite motility (Broadhead et al., 2006). To verify this, 
TbLRRP1-RNAi cells were analyzed for cell motility by sedimentation 
analysis (Bastin et al., 1999) as well as cell tracking analysis 





increasingly severe motility defects were observed over the course of 
RNAi-induction (Fig.  3-9). 
 
Fig.  3-9. TbLRRP1 RNAi leads to defects in motility. At different time 
points post-RNAi induction, cells were diluted using fresh medium to desired 
concentrations for sedimentation assays (A) and individual cell tracking 
analyses (B). Results are shown as mean ± SD, n = 3 (A) or mean velocity ± 
SEM, 20-25 cells were measured in each of 3 independent experiments (B). 
P values are indicated on top of each measurement for the TbLRRP1-RNAi 
cells shown in B. 
 
3.5.4 The effects of TbLRRP1 RNAi on kinetoplast 
division 
In T. brucei, division of kinetoplast DNA was driven by basal body 
segregation (Robinson et al., 1995). TbLRRP1, however, was present 
exclusively on the bi-lobed structure and not detected on the basal 
bodies. It was therefore surprising to observe an inhibitory effect on 
kinetoplast division in TbLRRP1-RNAi cells. 
To analyze duplication/segregation of basal bodies, TbLRRP1-RNAi 
cells 48hr post induction were stained with YL1/2 antibody for the basal 
bodies and anti-PFR (Ismach et al., 1989) for the flagella, which grow 





In TbLRRP1-depleted cells, ~ 70% of 1K2N cells had two YL1/2-
positive basal body structures and two flagella, while others contained 
a single basal body structure and a single flagellum, suggesting only a 
moderate inhibition on the duplication of these structures.  However, 
the duplicated basal bodies and flagella remained clustered, 
suggesting failure in segregation. Also interestingly, in cells with two 
flagella, the new (and shorter) flagella were often found detached from 
the cell body which may possibly explain the motility defects observed 
in TbLRRP1-RNAi cells. 
 
Fig.  3-10. TbLRRP1-RNAi inhibited segregation, but not duplication of 
basal bodies and flagellum. (A) Cells induced for TbLRRP1-RNAi and (B) 
control cells were fixed and labeled with DAPI for DNA (blue), YL1/2 for basal 
bodies (green; arrowheads) and anti-PFR for flagellum (red). Triple arrows, 
new flagella. The 1K2N cells in the TbLRRP1-RNAi population were counted 
for the number of (C) basal bodies and (D) flagellum present in each cell. 
Results were presented as means ± SD, n=3 independent experiments. 250 







3.5.5 The effects of TbLRRP1 RNAi on Golgi duplication 
As the bi-lobe was previously found important for Golgi duplication, the 
effect of TbLRRP1-depletion on Golgi duplication was examined. To 
allow visualization of the Golgi apparatus simultaneously with the bi-
lobed structure, the TbLRRP1-RNAi cell line was transfected with a 
TbGntB (56)-YFP construct (Ho et al., 2006) and selected for stable 
expression of the YFP fusion protein at the Golgi. RNAi was then 
induced and the cells were fixed and stained with DAPI for DNA and 
anti-TbCentrin4 for the bi-lobed structure (Fig.  3-11). To ensure 
accurate quantification, the 1K2N cells (~20% of the population at 48h 
post-induction; Fig.  3-8) were counted for the number of the Golgi 
stack and the bi-lobed structure. As expected, the duplication of bi-lobe 
and the bi-lobe-associated Golgi was greatly inhibited. >70% of the 
1K2N cells contained a single bi-lobed structure (Fig.  3-11C) and a 
single bi-lobe-associated Golgi (Fig.  3-11D). In comparison, all un-
induced control cells with two nuclei contained two bi-lobed structures 
and two bi-lobe-associated Golgi (Fig.  3-11B). On occasions, larger bi-
lobed structures were observed (Fig.  3-11A, middle panel). Using 
currently available markers, it was not possible to distinguish if these 
larger structures contained duplicated bi-lobes that could not 
segregate.  
Late Golgi fragments are often observed in cells during division. These 
satellite Golgi structures are highly variable in number, size and 
location (He et al., 2005; Yelinek et al., 2009), and they are not 





affected by TbLRRP1-depletion, the number of Golgi structures that 
were not associated with the bi-lobe was counted in the 1K2N cells 
and control 2N2K cells (Fig.  3-11E). While ~40% 1K2N cells did not 
contain detectable late Golgi, ~35% contained one late Golgi structure, 
and the rest contained 2-4 excess Golgi. On average, each 1K2N cell 
contained 0.75 ± 0.12 late Golgi structures. In comparison, control 
2N2K cells contained 1.14 ± 0.32 late Golgi structures/cell in addition 
to the two bi-lobe associated Golgi. 
 
Fig.  3-11. TbLRRP1-RNAi inhibited duplication of bi-lobe and Golgi. (A, 
B) Cells stably expressing GntB (56)-YFP (green) were induced for 
TbLRRP1-RNAi or not. Cells were fixed and labeled with DAPI for DNA 
(blue), and anti-TbCentrin4 for bi-lobe (red; arrows). The number of (C) bi-
lobed structure, (D) bi-lobe-assoicated Golgi and (E) late Golgi fragment 
(arrowhead in A) present in each cell were counted for 1K2N cells in the 
TbLRRP1-RNAi population, as well as the 2K2N cells in the control 
population (E only). Results were presented as means ± SD, n=3. 250 cells 
were counted in each experiment. 
 
3.5.6 The effects of TbLRRP1 RNAi on FAZ formation 
FAZ is a mostly intracellular structure responsible for flagellum 







Loss of FAZ can lead to detachment of flagellum from cell body and 
cytokinesis arrest (LaCount et al., 2002; Vaughan et al., 2008). As 
TbLRRP1-depleted cells showed detached flagellum (Fig.  3-10A) and 
inhibited cell division (Fig.  3-8), the duplication of FAZ was therefore 
examined. TbLRRP1-RNAi cells were labeled with anti-TbCentrin4 and 
L3B2, a monoclonal antibody specific to FAZ (Fig.  3-12A, B). 
Quantitation showed that >70% 1K2N cells contained a single bi-lobed 
structure (cf Fig.  3-11C) and a single FAZ (Fig.  3-12C). Even in cells 
with two FAZ structures, the shorter, new FAZ appeared truncated 
(Fig.  3-12A; triple arrows), suggesting inhibited FAZ formation. 
 
Fig.  3-12. TbLRRP1-RNAi inhibited the formation of new FAZ. (A) 
TbLRRP1-RNAi and (B) control cells were fixed and labeled with DAPI for 
DNA (blue), anti-TbCentrin4 for basal bodies and bi-lobed structure (green) 
and L3B2 for FAZ (red). Triple arrows mark the new FAZ. (C) The number of 
FAZ present in each cell was counted for the 1K2N cells in the TbLRRP1-
RNAi population. Results were presented as means ± SD, n=3. 250 cells 







The length of both old and new FAZ was therefore measured in both 
1K2N cells and control 2K2N cells (Table  3-1). In 1K2N cells where a 
new FAZ was found, the average length of the new FAZ (6.3±1.7 µm) 
was significantly shorter (p<0.001) than the new FAZ in control 2K2N 
cells (10.6±1.7 µm). The average length of the new flagella in 1K2N 
cells (10.9±2.7 µm) was also shorter (p<0.001) than the new flagella in 
control 2K2N cells (12.1±1.7 µm), though the inhibition on new 
flagellum elongation was not as dramatic as the inhibition on new FAZ 
elongation.  
Table  3-1. Flagellar length, FAZ length, kinetoplast and nucleus 




















2K2N 15.5± 2.3 12.1±1.7 14.3±2.5 10.6±1.7 4.4±0.9 4.8±0.8 
TbLRRP
1-RNAi 
1K2N 17.4±2.5 10.9±2.7* 15.8±2.8 6.36±1.7 0 4.8±1 
For each measurement, only cells with completely divided nuclei (no 
detectable connection between daughter nuclei) were counted. 100 cells 
were measured in each of 3 independent experiments. Results are shown as 
average length or distance ± SD. For TbLRRP1-RNAi, 1K2N cells, if only one 
flagellum and/or one FAZ were found in the cell, the single flagellum/FAZ was 
measured as the old structure. 
* For cells completely lacking a new flagellum/FAZ, the length measurement 
(0 µm) was not taken into consideration in the average length calculations. 
 
The morphological details of the flagellum and the FAZ were further 
examined in TbLRRP1-RNAi cells by electron microscopy (Fig.  3-13). 
No obvious morphological defects could be detected in the flagellar 
axoneme or the paraflagellar rod structures. The FAZ structure, 






Fig.  3-13. Electron microscopic analyses of TbLRRP1-RNAi mutants. 
TbLRRP1-RNAi (48 h post-induction) (A) and control un-induced (B) cells 
were processed for transmission electron microscopy to examine if there are 
any morphological differences in flagellum, flagellar pocket and FAZ in the 
RNAi cells. No obvious defects were detected in the flagellar axoneme or 
paraflagellar rod structures. The shape and size of the flagellar pockets also 
appeared normal, though segregation of the flagellar pockets was inhibited 
(compare the distance between the duplicated flagellar pockets in cells 
shown in the right panels of A and B, which were at approximately the same 
cell cycle stage based on the v-shaped kinetoplasts). FAZ (double 
arrowheads) was more difficult to find in TbLRRP1-RNAi cells than in control 
cells. This, however, could also be due to the lack of attached flagellum to 
provide any positional cue. K, kinetoplast; FP, flagellar pocket. 
 
3.5.7 The effects of TbLRRP1 RNAi on FPC 
TbBILBO1 was previously characterized as a protein component of the 
FPC, which forms an adhesion zone at the flagellar pocket. Depletion 
of TbBILBO1 leads to defects in flagellar pocket biogenesis, Golgi 
segregation as well as FAZ formation (Bonhivers et al., 2008). The 
presence of TbBILBO1 in the flagellar complex proteome prompted us 
for a closer examination of possible interaction between the bi-lobe 





and anti-TbBILBO1 (Fig.  3-14A). The ring or horseshoe-shaped FPC 
structure labeled with anti-TbBILBO1 was found to duplicate and 
segregate together with the bi-lobe, with the FPC often nested in the 
looped, posterior end of the TbLRRP1-labeled bi-lobed structure (Fig. 
 3-14A, inset). This association maintained even after detergent/salt 
extractions used to prepare the flagellar complexes (Fig.  3-14B). To 
further investigate the interaction between the bi-lobe and the FPC, 
anti-TbBILBO1 was also examined in TbLRRP1-RNAi cells. ~60% 
1K2N cells contained only one FPC, while ~40% contained two FPCs, 
suggesting an inhibition of new FPC formation in TbLRRP1-RNAi cells 
(Fig.  3-14C-E). Large FPC staining was observed in some cells. 
However, it was not possible to distinguish whether it contained 
duplicated FPCs that were very close to each other (Fig.  3-14C, middle 
panel). In cells with two FPCs, the duplicated FPCs remained 
unsegregated (Fig.  3-14C, right panel and Fig.  3-13A). Transmission 
electron microscopy, however, did not reveal any additional 
morphological defects in the flagellar pocket region in TbLRRP1-RNAi 






Fig.  3-14. TbLRRP1-RNAi inhibits FPC duplication. (A) Methanol fixed 
YTat cells were labeled with anti-TbLRRP1 (red) and anti-TbBILBO1 (green) 
and images acquired by confocal microscope. (B) Extracted flagellar complex 
as described in Fig.  3-2A were labeled with anti-TbLRRP1 (red) and anti-
TbBILBO1 (green) antibodies. The association between the TbLRRP1 
labeled bi-lobe and TbBILBO1-labeled FPC maintained after detergent/salt 
extractions. (C, D) TbLRRP1-RNAi (48 h post-induction)(C) and control cells 
(D) were fixed and labeled with DAPI for DNA (blue), anti-TbBILBO1 for FPC 
(green) and anti-TbCentrin4 (red) for basal bodies (arrowheads) and bi-lobed 
structures (arrows). (E) The number of FPC in each cell was counted for the 
1K2N cells in the TbLRRP1-RNAi population. Results were presented as 
means ± SD. 200 cells were counted in each of 3 independent experiments. 
 
At this point, depletion of the bi-lobe proteins TbLRRP1, TbCentrin2, 
TbCentrin4, and TbPLK has a common effect on organelle duplication 
and/or cell division, though in the case of TbMORN1, such an effect is 
only moderate in procyclic cells (the insect form parasites). Most 
interestingly, the Golgi, FPC and FAZ have all been shown to be 
adjacent or partially overlapped with the bi-lobed structure (de 
Graffenried et al., 2008; He et al., 2005; Morriswood et al., 2009; Shi et 
al., 2008; Zhou et al., 2010). These observations raise the possibility 
that bi-lobe may function as a core structure mediating the co-
ordinated duplication and segregation of the organelles to ensure 
proper cell duplication. In order to verify this and to investigate the 









decided to isolate the bi-lobe, using the bi-lobe-exclusive protein, 
TbLRRP1 as a specific marker.  
3.6 Cell fractionation by differential 
centrifugation 
The bi-lobe was previously shown to be tightly associated with the core 
cytoskeletal structure of T. brucei. The association of these 
components with the bi-lobe is resistant to non-ionic detergent 
extraction and/or high salt treatment (up to 2M KCl) (Morriswood et al., 
2009). These biochemical properties, together with the 
immunofluorescence studies suggested that the bi-lobe maybe a large 
insoluble protein structure, forming stable association with other 
organelles. To investigate this, pilot experiments were performed to 
evaluate cell breakage methods and analyze the distribution of known 
bi-lobe components on sucrose density gradient. Cell fractionation was 
performed as described in Materials and Methods (see Fig.  2-1). 
Equal fractions (0.2 %) of all supernatants and pellets (resuspended in 
1ml homogenization buffer) were boiled in SDS loading dye, 
fractionated by a 12% SDS-PAGE and immunoblotted with specific 
antibodies against bi-lobe proteins TbCentrin4, TbCentrin2, TbMORN1 
and TbLRRP1 (Fig.  3-15). Interestingly, all bi-lobe proteins were 
present in both the 10,000g pellet (P2) and the 100,000g supernatant 
(S3). Quantitative analyses suggested approximately equal distribution 
for TbMORN1, TbCentrin4 and TbCentrin2 in soluble (S3) and 





however, has ~30% in S3 as soluble form, and ~70% in the insoluble 
P1 and P2. Alpha tubulin is detected in all the pellets and 
supernatants, consistent with its presence as soluble monomers and 
insoluble microtubules. Similar results were obtained when cells were 
homogenized by either French Press or sonication (data not shown). 
 
Fig.  3-15. Cell fractionation. Cells were lysed by sonication and centrifuged 
sequentially as shown in Fig.  2-1. Equal fractions (0.2%) of supernatant (S) 
and pellet (P) from each round of centrifugation were boiled in SDS loading 
buffer, separated by SDS-PAGE and immunoblotted with indicated 
antibodies. All known bi-lobe proteins are found in both soluble and insoluble 
fractions of the cell. 
 
The exclusive presence of TbLRRP1 on the bi-lobe provides an 
excellent marker to track bi-lobe microscopically during cell 
fractionation steps. Procyclic cells with one endogenous TbLRRP1 
allele stably replaced with YFP-TbLRRP1 showed distinct labeling of 
the bi-lobe as one or two looped structures in each cell (Fig.  3-17A). 
YFP-TbLRRP1 cells were fractionated as above mentioned and the 





the tagged bi-lobes could be identified in the fractions. While YFP-
labeled intact bi-lobes were frequently observed in P2 (Fig.  3-16), few 
were observed in S3. This is perhaps due to the much larger (therefore 
diluted) volume of S3. Alternatively, the bi-lobed proteins found in S3 
could represent fragmented bi-lobe or the soluble pool of the protein.  
 
 3-16. Fluorescence microscopy of intact bi-lobe structure in P2. YFP-
labeled, free bi-lobed structures were released from parasite cells and could 
be observed in the P2 pellet. 
 
3.7 Immunoisolation of the bi-lobe and 
associated structures 
YFP-TbLRRP1 cells were homogenized by sonication in an isotonic 
buffer free of detergent as mentioned in materials and methods ( see 
2.7), and the resulting cell lysates were incubated with anti-GFP 
coated Dynabeads for immunoisolation of the bi-lobe (Fig.  2-2 and Fig. 
 3-17B, C). Lysates of cells expressing YFP only were used as a 
negative control. By fluorescence microscopy, YFP-labeled structures 
~1 µm long could be observed on anti-GFP-beads incubated with YFP-
TbLRRP1 cell lysates (Fig.  3-17C open arrowheads), but not on beads 





efficiency was higher when the coated beads were incubated with total 
cell lysate instead of the P2 pellet (data not shown). 
 
Fig.  3-17. Immunoisolation of the TbLRRP1- labeled bi-lobe. (A) Procyclic 
T. brucei cells endogenously expressing YFP-TbLRRP1 were fixed with 4% 
PFA. The YFP-labeled, looped structures represented the bi-lobes during 
different cell cycle stages. Parasite cells were demarcated with gray lines and 
DIC image of the cells is shown on the right (B) Cells shown in A were lysed 
by sonication as described in the text. Yellow dots represent the bi-lobes or 
part of the broken bi-lobes. (C) Fluorescence image of magnetic beads bound 
to the bi-lobe complex (arrowheads) upon incubation with YFP-TbLRRP1 cell 
lysates. (D) Beads incubated with YFP cell lysates were used as the negative 
control. 
 
By immunoblotting analyses, several known bi-lobe markers including 





TbMORN1 and TbCentrin4, were specifically detected in the bi-lobe 
isolates from the YFP-TbLRRP1 cells, but not the YFP only cells. 
BILBO1, the flagellar pocket collar protein was also detected, further 
confirming its close association with the bi-lobe. Alpha-tubulin, FAZ1 
(L3B2) and BiP however, were not enriched in the bi-lobe fraction (Fig. 
 3-18A). 
Furthermore, silver staining of the bi-lobe fraction also revealed several 
specific protein bands that were not found in the YFP control (arrows, 
Fig.  3-18B). Gel regions containing these bands were excised, 
trypsinated and analysed using LC/MS-MS. Proteins identified in 
individual excised bands were categorized into three groups based on 
their molecular weights.  Group I contained proteins >100 kDa, group II 
contained proteins ~55-75 kDa, and group III contained proteins ~25-
35 kDa in size (Fig.  3-18B). In Table  3-2 yellow, green and blue 






Fig.  3-18. Biochemical analysis of the immunoisolated bi-lobe. (A) 
Immunoblotting analyses of the immunoisolated bi-lobe fraction. Known bi-
lobe proteins TbLRRP1 (both YFP-TbLRRP1 and endogenous TbLRRP1), 
TbMORN1 and TbCentrin4 were all specifically detected in the 
immunoisolated products from YFP-TbLRRP1 lysates, but not in the YFP 
control. BILBO1, the flagellar pocket collar protein which is in close 
association with bi-lobe was also detected. Other organelle markers like L3B2 
(FAZ), BiP (ER) and alpha-tubulin however, were not detectable in the bi-lobe 
fraction. (B) Proteins eluted from anti-GFP coated beads were fractionated by 
12% SDS-PAGE and the gel was processed for silver staining. Whereas the 
control beads incubated with YFP cell lysates precipitated YFP efficiently 
(~28 kDa band indicated by “*”), beads incubated with YFP-TbLRRP1 lysate 
pulled down several specific bands (indicated by the arrows), which were 
excised and processed for LC/MS-MS. Two heavily stained bands marked by 
the arrowheads represented the heavy and light chains of the anti-GFP 
antibody and were found in both YFP-TbLRRP1 and YFP only lanes. 
 
3.8 Identification of bi-lobe associated proteins 
by LC/MS-MS 
A total of 74 proteins were identified as a result of two independent 
immunoisolation and MS assays (Appendix B). Of these, 44 proteins 
that had at least 2 matching peptides were listed in Table  3-2. Bi-lobe 





immunoisolation approach. The FPC marker BILBO1 was also 
identified with high confidence, agreeing with previous reports that 
BILBO1 is co-purified with the bi-lobe in detergent/salt extracted 
flagellar complex (Bonhivers et al., 2008; Zhou et al., 2010). Bi-lobe 
proteins TbCentrin2 and TbCentrin4 are small molecular-weight 
proteins that migrated to the lower part of the gel that was not selected 
for MS analyses. The other known bi-lobe protein TbMORN1 with a 
molecular weight of ~41 kDa, was likely masked under the thick band 
representing the heavy chain of the anti-GFP antibody (Fig.  3-18B) and 
also was not analyzed by MS. 
As shown in Table  3-2 (highlighted in red), 10 of the 44 high-
confidence candidates were previously uncharacterized hypothetical 
proteins. Of the remaining 34, 18 were verified or predicted 
mitochondrial proteins, suggesting an association between the bi-lobe 
and the mitochondrion, which harbours the kinetoplast DNA. Several 
cytoskeletal components were also identified. These included the 
paraflagellar rod (PFR) proteins PFR1 and PFR2, which form the 
paraflagellar crystalline tightly associated with the flagellum axoneme 
(Schlaeppi et al., 1989). The presence of these PFR proteins, together 
with two microtubule-associated proteins, is consistent with the tight 
association between the bi-lobe and the cytoskeletal components, 
particularly the flagellum, as previously reported by biochemical and 
ultrastructural analyses (Esson et al., 2012; Morriswood et al., 2009; 
Zhou et al., 2010). Other proteins, including two glycosomal proteins, 





identified in this dataset. It remained to be investigated if these 
represented true organelle association with the bi-lobe or 










Table  3-2. List of protein candidates identified by LC/MS-MS with at least 2 hits. Highlighted in red are proteins that were to be further 
characterized in this study. Group I (yellow), II (green) and III (blue) are based on the molecular weight range of proteins from high to low as 
mentioned in the text. Protein features were obtained from tritrypdb. A complete list of all proteins found in this study is provided in appendix B. 
 









 Tb927.10.15750 Hypothetical protein, conserved 197.7 6 164 Basal bodies (Zhou et al., 2010) 
 Tb927.2.2510 Voltage dependant anion selective channel 
  





Tb927.2.4230 NUP-1 406.9 7 101 Nucleus (DuBois et al., 2012) 
 Tb927.5.1210 Short-chain dehydrogenase,putative 338.7 6 97 Mitochondrion (Acester et al., 2009) 
 Tb10.v4.0053 Hypothetical protein,chrX additional 483.8       14 90 Similar to MARP (Schneider et al., 
1988) 
I Tb927.10.10360 MT associated protein (MARP) 373.5 8 89 Microtubules (Schneider et al., 1988) 
 Tb10.v4.0045 Prohibitin, putative,chrX additional 322.1 3 59 Mitochondrion (Acester et al., 2009) 
Tb927.6.5090 Hypothetical protein, conserved 92.9 3 47   
 Tb927.10.14820 Mitochondrial carrier protein (MCP5a) 340.7 4 42 Mitochondrion (Colasante et al., 2009) 





 Tb927.11.10790 40S ribosomal protein SA 276.1 3 34   
 Tb927.11.10280 Zinc carboxypeptidase, putative 131.1 2 27   
       
 Tb927.11.12150 BILBO1 67.3 60 349 FPC (Bonhivers et al., 2008) 
 Tb927.10.6400 Chaperonin Hsp60, mitochondrial precursor 59.5 34 328 Mitochondrion (Zhang et al., 2010) 
 Tb927.11.8950 TbLRRP1 78.9 29 244 Bi-lobe (Zhou et al., 2010) 
 Tb927.6.3740 Heatshock 70kDa protein,mitochondrial 
   




Tb927.11.7460 Glucose-regulated protein 78, BiP, putative 71.4 12 150 ER (Bangs et al., 1993) 
II 
 
Tb927.11.11460 Hypothetical protein, conserved 69 4 89 Mitochondrion (Zhang et al., 2010) 
 Tb927.3.4290 PFR1 68.6 6 82 PFR (Schlaeppi et al., 1989) 
 Tb927.8.4970 PFR2 69.5 2 75 PFR (Schlaeppi et al., 1989) 
 Tb927.1.2340 Alpha tubulin 49.7 4 73   
 Tb927.10.14550 ATP-dependent DEAD/H RNA helicase, 
 
71.3 4 71   
Tb927.9.9730 Hypothetical protein, conserved 44.5 3 59   
 Tb927.4.3440 Hypothetical protein, conserved 48.6 3 47   





 Tb927.11.11290 Heat shock protein 70,putative 73.6 2 47   
II Tb927.11.2990 RNA-editing complex protein,KREPB4 46.3 8 38 Mitochondrion (Panigrahi et al., 2003) 
 Tb927.10.3210 Delta-1-pyrroline-5-carboxylate 
  
62 5 35 Mitochnodrion (Zhang et al., 2010) 
 Tb927.6.5290 Variant surface glycoprotein(VSG),putative 48.2 2 32   
 Tb927.8.1740 Hypothetical protein, conserved 62.1 2 31 Mitochondrion (Zhang et al., 2010) 
 Tb927.1.2330 Beta tubulin 49.7 4 26   
       
 Tb927.10.15410 Glycosomal malate dehydrogenase 33.7 8 129 Glycosome (Aranda et al., 2006) 
 Tb927.4.3130  TbSpef1/TbCMF18 30.6 2 95 Flagellum (Broadhead et al., 2006; 
 Baron et al., 2007) 
III Tb927.8.3530 Glycerol-3-phosphate dehydrogenase [NAD 
], glycosomal 
37.8 6 60 Glycosome (Stebeck et al., 1996) 
 Tb927.9.10310 Mitochondrial carrier protein, putative 34.2 3 55 Mitochondrion (Colasante et al., 2009) 
 Tb927.10.12840 Mitochondrial carrier protein 33.1 2 40 Mitochondrion (Colasante et al., 2009) 
 Tb927.6.2790 L-threonine 3-dehydrogenase 36.9 2 39 Mitochondrion (Zhang et al., 2010) 
Tb927.10.180 ATP synthase F1 subunit gamma protein, 
 
34.3 3 31 Mitochondrion (Zhang et al., 2010) 





 Tb927.5.289b Hypothetical protein 24.5 3 31   
III Tb927.3.1790 Pyruvate dehydrogenase E1 beta subunit 37.5 2 31 Mitochondrion (Zhang et al., 2010; 
 Acester et al.,2009) 
 Tb927.11.6250 Hypothetical protein,conserved 27.6 2 31 Mitochondrion (Zhang et al., 2010;  
Acester et al.,2009) 
 Tb927.3.1840 3-oxo-5-alpha-steroid 4-dehydrogenase 33.3 2 31 Mitochondrion (Zhang et al., 2010; 
 Acester et al.,2009) 
 Tb927.10.2090 Elongation factor 1- alpha 37.8 2 30   
 Tb927.10.180 ATP synthase F1 subunit gamma protein, 
 





Based on the protein size and bioinformatics prediction of functional 
domains and cellular localization, 7 hypothetical proteins and a 
previously identified protein TbSpef1, representing protein candidates 
from all 3 groups (Table  3-2, highlighted in red), were further 
characterized by YFP-tagging (Table  3-3). 
In addition to these proteins, 5 other hypothetical proteins that had one 
hit (Appendix B) and are highlighted in blue in Table  3-3 were also 
tagged. YFP-fusion proteins were stably/transiently overexpressed 
and/or expressed from endogenous alleles and their localization 
information is summarized in Table  3-3. Tagged proteins contained 
both cytoskeletal and soluble proteins as a result of using a detergent 















Table  3-3. Summary of the proteins tagged and further studied. All proteins had more than one hit in the MS analysis except the last five 
highlighted in blue with one hit. 
 
GeneID Protein Name 
 Protein Name 
used in this 
study 
Remarks YFP-tagging method Subcellular localization 
Tb927.10.15750 Hypothetical protein, 
conserved 






Tb927.6.5090 Hypothetical protein, 
conserved 
 Contains 9 transmembrane domains Transient overexpression of 
5090-YFP 
Weak staining throughout 
the cell 
Tb927.11.11460 Hypothetical protein, 
conserved 
  Transient overexpression of 
11460-YFP 
Strong staining throughout 
the cell 
Tb927.9.9730 Hypothetical protein, conserved FP45 Contains BRCT domain 




Tb927.4.3440 Hypothetical protein, 
conserved 
BB50  Endogenously replaced 
with YFP-BB50 
Basal bodies 
Tb927.8.1740 Hypothetical protein, 
conserved 
  Transient overexpression of 
YFP-1740 
Weak staining throughout 
the cell 
Tb927.4.3130  TbSpef1/TbCMF18 TbSpef1 
Identified as motile flagellar component (Baron 
et al.,2010), Contains CH domain (Dougherty et 
al., 2005) 
Stable overexpression of 
YFP-TbSpef1 
Curved structure between 





Tb927.5.289b Hypothetical protein   Transient overexpression of 
YFP-289b 
Weak staining throughout 
the cell 
Tb927.09.11830 Hypothetical protein  Contains SMC domain Stable overexpression of 
YFP-11830 
Probasal body to bi-lobe 
(inconsistent labeling) 
Tb927.7.2190 Hypothetical protein  Contains translocon associated protein domain 
(TRAP) and transmembrane domain 
Stable overexpression of  
2190-YFP 
ER membrane 
Tb927.3.640 Hypothetical protein  Contains transmembrane domain Stable overexpression of  
640-YFP 
ER membrane 
Tb927.7.6730 Hypothetical protein  Contains SMC domain Transient overexpression of 
YFP-6730 
Nucleus 






3.9 TbSpef1 localizes to the MtQ region between 
the basal bodies and the bi-lobe 
Sperm flagellar protein1 (Spef1) [also known as CLAMP (Calponin-
homology and microtubule associated protein) (Dougherty et al., 
2005)] is identified as a conserved component of motile flagella from 
mammals to protozoa (Chan et al., 2005). In T. brucei, a single Spef1 
homolog [also known as TbCMF18 (Baron et al., 2007)] is present and 
it contains a conserved domain of unknown function (DUF1042) and a 
possible calponin homology (CH) domain. Although CH domain is best 
known for binding to actin  (Gimona et al., 2002), Dougherty et al. have 
shown that CLAMP is associated with the microtubules via its CH 
domain. This association promotes MT bundling and stability 
(Dougherty et al., 2005). As previously reported, RNAi-depletion of 
TbSpef1 in both procyclic and bloodstream stages is lethal, causing 
flagellum detachment, severe flagellum motility defects and cytokinesis 
arrest (Baron et al., 2007; Broadhead et al., 2006).  
Thought to be a flagellar component, the exact localization of TbSpef1 
was not yet investigated in T. brucei. To assess this, procyclic cells 
stably overexpressing YFP-TbSpef1 fusion were fixed with methanol, 
immunolabeled with L3B2 that marks the FAZ filament (Kohl et al., 
1999), anti-TbLRRP1 that marks the bi-lobed structure (Zhou et al., 
2010) or anti-BILBO1 that marks the FPC (Bonhivers et al., 2008), and 
examined by fluorescence microscopy (Fig.  3-19). TbSpef1 labeled a 




one end adjacent to the kinetoplast and the other end extending 
anteriorly to the proximal base of the FAZ (Fig.  3-19A). This 
localization and the curved and sometimes hook-like morphology were 
reminiscent of the bi-lobed structure marked by TbMORN1 and 
TbLRRP1. Remarkably, YFP-TbSpef1 did not colocalize with 
TbLRRP1 (Fig.  3-19B). Instead, the TbSpef1-containing structure 
located further posterior, with the anterior tail passing through/next to 
the TbLRRP1-labeled loop and the BILBO1-labeled FPC (Fig.  3-19B 
and C). TbSpef1-labeled structure duplicates and segregates as the 
cell cycle progresses (Fig.  3-19, Fig.  3-21 A).  
 
Fig.  3-19. YFP-TbSpef1 localization during the cell cycle. Cells stably 
over-expressing YFP-TbSpef1 (green) were extracted with 1% NP40, fixed 
with PFA and probed with (A) L3B2 for FAZ, (B) anti-TbLRRP1 for the bi-lobe 
or (C) anti-BILBO1 for the FPC (red). All cells were also stained with DAPI to 
label the kinetoplast (small blue dot marked with “K” in A) and the nucleus 
(large blue structure marked with “N” in A). YFP-TbSpef1 labeled a curved 
and sometimes hook-like structure with one end adjacent to the kinetoplast 
and the other end extending anteriorly towards the initiating base of the FAZ 
(A), passing through or next to the TbLRRP1 loop which is in tight association 
with the FPC (B, C).  In (A), 5 cells were shown from left to right, representing 




representing different cell cycle stages. The assembly of a new YFP-
TbSpef1-containing structure (arrowhead) took place prior to basal body and 
bi-lobe duplication. 
 
A specific antibody was raised against TbSpef1 and characterized by 
immunoblot on both the wild type and YFP-TbSpef1 labeled cells (Fig. 
 3-20). This antibody was used for further immuno-localization studies. 
 
Fig.  3-20. Characterization of anti-TbSpef1 antibody. Anti-TbSpef1 
antibody was tested on both 29.13 and cells stably overexpressing YFP-
TbSpef1. ~8x106 cells were loaded in each lane and the gel was blotted and 
immunoprobed with anti-TbSpef1 and anti-GFP. A ~30kDa band, 
corresponding to the estimated size of TbSpef1, was detected in both 29.13 
and YFP-TbSpef1 cell lysates. An additional ~58kDa band corresponding to 
the YFP-TbSpef1 fusion protein was observed in YFP-TbSpef1 cell lysates. 
This was also confirmed by anti-GFP staining. 
 
Consistent with YFP-TbSpef1, anti-TbSpef1 labeled a curved structure 
with the posterior end overlapping with the TbCentrin4-labeled basal 
bodies, and the anterior tail extending towards the posterior region of 




localization was further verified by immunogold labeling of detergent 
and high salt extracted flagellum using anti-TbSpef1 (Fig.  3-21B). Gold 
particles were found along the MtQ track that nucleated between the 
mature and pro-basal bodies, and extended through or next to the FPC 
ring. TbSpef1, by YFP tagging, antibody labeling and IEM was 
localized to the proximal segment of the MtQ between the basal bodies 
and the FPC/bi-lobe complex. The TbSpef1-labeled structure was thus 
named pMtQ, representing the proximal MtQ segment in between the 
basal bodies and the FPC/bi-lobe.  
The formation of a new TbSpef1-labeled MtQ occurred early in the cell 
cycle, prior to the duplication of the basal bodies (Fig.  3-21A), and this 
is consistent with previous observations in the three-dimensional 
electron tomographic reconstruction of the flagellar pocket region 
(Lacomble et al., 2010). The relative position of the new TbSpef1-
labeled MtQ to the old MtQ (posterior or anterior) could not be reliably 
distinguished due to the random placing of extracted cells on the 
coverslips. No TbSpef1 labeling was observed, however, on the MtQ 
anterior to the bi-lobe at any time of the cell cycle (Fig.  3-21 and Fig. 





Fig.  3-21. TbSpef1 traces along the MtQ between the basal bodies and 
the FPC/bi-lobe. (A) 29.13 cells were extracted with 1% NP40 and 1M NaCl, 
fixed with PFA, and labeled with anti-TbSpef1 (green), anti-TbCentrin4 (red) 
for the basal bodies (open arrowheads) and bi-lobe (arrows), and anti-PFR1 
for PFR (grey). Four cells representing cell cycle progress were shown from 
top to bottom. New TbSpef1-containing structure (filled arrowheads) was 
assembled prior to basal body and bi-lobe duplication. (B) 29.13 cells were 
extracted with 1% NP40 and 1M NaCl, and immunogold labeled with anti-
TbSpef1. Anti-TbSpef1 labeling was found along the MtQ segment in 
between the basal bodies (BB, mature basal body; PBB, pro-basal body) and 
the FPC (open arrowheads). 
 
3.10 Functional studies on TbSpef1 
Previous functional analyses of TbSpef1 emphasized its effect on 
flagellum motility and cell division (Baron et al., 2007; Broadhead et al., 
2006). To further understand the function of TbSpef1 as an MtQ 
associated protein between the basal bodies and the FPC/bi-lobe, the 




particular focus on the duplication/segregation of adjacent organelles 
including the basal bodies, the FPC, the bi-lobe and the FAZ.   
3.10.1  TbSpef1 is essential for procyclic cell survival 
Efficient TbSpef1 depletion was achieved by tetracycline-inducible 
RNAi (Fig.  3-22B). Cell proliferation slowed 24h post-induction and 
completely halted 48h post-induction (Fig.  3-22A). The accumulation of 
multinucleated cells also supported previous observation of cell 
division defects (Fig.  3-22C).  
In T. brucei, single-copied organelles including basal bodies, 
kinetoplast, flagellum, FPC, bi-lobe and FAZ all duplicate and 
segregate before nuclear division.  We therefore chose to analyze the 
effects of TbSpef1-RNAi in post-mitotic cells (cells containing two 
divided nuclei) at 36h post TbSpef1-RNAi. At this time point, the 
percentage of abnormal post-mitotic cells peaked while the percentage 
of multinucleated cells, akinetoplast cells and zoids (cells lacking 






Fig.  3-22. TbSpef1 is essential for procyclic cell survival. Stable cell line 
carrying the TbSpef1-RNAi plasmid was cultivated in the presence or 
absence of tetracycline to induce RNAi or not. Samples were taken every 
24hrs for growth analyses (A), immunoblots with anti-TbSpef1 and anti-alpha-
tubulin (B), or every 6 hours from 24-48h for DAPI staining to monitor cellular 
DNA contents (C). Although TbSpef1 was only partially depleted even at 96h 
post-induction, parasite growth inhibition was observed earlier, between 24-
48h post-induction. Further DNA analyses revealed an increase of abnormal 
1K2N and 2K2N (with NKKN or KKNN arrangements) cells in TbSpef1-RNAi 
population 24h post-induction. The combined percentage of these abnormal 
post-mitotic cells rose to >35% at 36h post-induction. A rapid increase of 
multinucleated cells was also observed, from ~5% at 30h, to ~10% at 36h, 
and >20% at 42h post-induction, suggesting an inhibition of cell division.  
Results in (A) were shown as mean ± SD, n=3; results in (C) were shown as 








3.10.2  TbSpef1-RNAi affects the duplication / 
segregation of different organelles 
Three major types of post-mitotic cells were observed in the TbSpef1-
RNAi population at 36h post-induction. These included 1K2N cells with 
undivided kinetoplasts, as well as 2K2N cells with normal kinetoplast 
positioning relative to the nuclei (KNKN) or abnormal kinetoplast 
arrangements (KKNN or NKKN). The kinetoplasts, though divided, 
remained close to each other in the KKNN and NKKN cells (Fig.  3-23A 
and B). The accumulation of NKKN, KKNN and 1K2N cells in the 
TbSpef1-depleted cells indicated an inhibition in kinetoplast 
segregation, consistent with the observation of duplicated but un-
segregated basal bodies in these cells (Fig.  3-23A).  Maturation of 
these basal bodies was also normal, as new flagellum biogenesis 
proceeded normally (Fig.  3-23B and C).  
On the other hand, duplication of FPC, bi-lobe and FAZ, were greatly 
inhibited (Fig.  3-23B and C). However in some cases, the single FPC 
or bi-lobe structure appeared larger and brighter, and it was possible 
that these represent duplicated but not segregated structures (see Fig. 
 3-23B, second panels from left). Taken together, these results 
indicated a distinct effect of TbSpef1 on different organelles. Whereas 
FPC, bi-lobe and FAZ duplication was inhibited, basal bodies, 






Fig.  3-23. TbSpef1-RNAi has distinct effects on the duplication of 
different organelles. Cells induced for TbSpef1-RNAi for 36h were fixed and 
labeled with YL1/2 for basal bodies (red, arrows)(A), or anti-TbLRRP1 for bi-
lobe (green) and anti-PAR for PFR (red)(B). Duplication of subcellular 
structures was quantified in post-mitotic cells (C). 200 cells were counted in 
each of 3 independent experiments. Results were shown as percentage cells 
± SD. In the absence of TbSpef1, duplication of the kinetoplast, basal bodies 
and the flagella appeared normal, whereas duplication of the FPC, the bi-lobe 
and the FAZ was inhibited. Basal bodies segregation, however, was inhibited, 
resulting in segregation defects of kinetoplasts and flagella. NF, new 
flagellum; OF, old flagellum. 
 
Depletion of TbSpef1 appeared not to affect new basal body migration 
during its maturation process though (Lacomble et al., 2010). New 
flagellum was constructed posterior to the old flagellum in TbSpef1-





Fig.  3-24. TbSpef1 depletion does not affect basal body duplication, 
maturation and rotation. Control and cells induced for TbSpef1-RNAi were 
extracted with 1% NP-40 and 1 M NaCl, fixed and processed for SEM. In 
both control and TbSpef1-RNAi cells, new flagellum (NF) was assembled 
posterior to the old flagellum (OF). pBB, pro-basal bodies; BB, mature basal 
bodies. 
 
TbSpef1 knockdown only inhibits the duplication of the organelles 
located anterior to the pMtQ where TbSpef1 is present while the 
posterior ones remain unaffected. To further elucidate how TbSpef1 
accounts for this observation, EM was performed on the TbSpef1 RNAi 
cells. 
As shown in Fig.  3-25, cells lacking TbSpef1 contained detached new 
flagellum, which shared the same FPC with the old flagellum. While 
both old and new microtubule quartets (MtQ) were present in the 
control cells, the new MtQ was not observed in the TbSpef1-RNAi 
cells, suggesting that TbSpef1 was required for new MtQ biogenesis. 




bi-lobe and FAZ in these cells (Fig.  3-23B and C) which will be further 
discussed in Chapter 4. 
 
 
Fig.  3-25. TbSpef1 depletion inhibits new MtQ assembly. Control and 
cells induced for TbSpef1-RNAi were extracted with 1% NP-40, fixed and 
processed for TEM. Whereas MtQ track (triple arrows) could be observed in 
both flagella in the control cell and the old flagellum (OF) in TbSpef1-RNAi 
cell, no MtQ was found at the new flagellum (NF), possibly explaining the lack 
of FPC (arrowheads) duplication and new FAZ assembly in these cells. N, 
nucleus; BB, basal bodies. 
 
3.11 p197, a TAC protein 
Tb927.10.15750, an ~197 kDa protein, was stably expressed as a YFP 
fusion from an endogenous allele. YFP-p197 revealed a consistent 
localization between the kinetoplast DNA and the basal bodies labeled 
with YL1/2 (Fig.  3-26), and this was further confirmed by super-
resolution microscopy using an ELYRA system (Fig.  3-26B). As basal 
bodies duplicated and moved apart, the YFP-p197 structure also 
duplicated and marked the outer edges of the dividing kinetoplast. Both 
the localization and the duplication pattern of the YFP-p197 structure 




connection between kinetoplast DNA and the basal bodies (Fig.  1-2) 
(Ogbadoyi et al., 2003). 
 
 
Fig.  3-26. p197 maps to a region between the basal bodies and the 
kinetoplast DNA. Procyclic cells endogenously expressing YFP-p197 were 
fixed with PFA, and labeled with anti-GFP (green), DAPI (blue) and YL1/2 for 
the basal bodies (red). The cells were then imaged with an epifluorescence 
microscope (A) and an ELYRA microscope for super-resolution images (B). 
Enlarged images of 3 cells (marked 1, 2 and 3) representing different basal 
body duplication stages were shown on the right panels in (A). YFP-p197 was 
localized to a region between the basal bodies and the kinetoplast and the 
p197-containing structure duplicated and segregated following the basal 
bodies. Super-resolution images suggested that p197 labeles a pair of dots 
(arrows) in close association with the kinetoplast DNA, and at an angle to the 
mature basal bodies marked by YL1/2. As basal bodies and p197-containing 
structure duplicated and moved apart to divide the kinetoplast, extra p197 
dots also appeared in close association with each of the duplicated basal 
bodies (arrowheads). Whether this represented newly formed TAC was not 





3.12 P197 RNAi affects the kinetoplast 
segregation 
To examine if p197 indeed functioned as a TAC protein, p197 was 
depleted by tetracycline-inducible RNAi in procyclic cells. Upon 
induction, cells grew normally for three days and then slowed down 
with a doubling time of ~48 hrs from day 3 to day 9 (Fig.  3-27A). 
Akinetoplast cells continued to accumulate, accounting for >90% of the 
p197-RNAi population at 4 days post induction (Fig.  3-27B). This was 
confirmed by staining the cells with DAPI that labeled both kinetoplast 
and nuclear DNA, as well as dihydroethidium (DHE) that selectively 
labeled kinetoplast DNA (Wang et al., 2002). Loss of the kinetoplast 
was likely due to asymmetrical kinetoplast inheritance, as cells with 
abnormally large or abnormally small kinetoplasts were frequently 





Fig.  3-27. p197-RNAi leads to unequal kinetoplast segregation. Cells 
stably transfected for p197-RNAi, were cultivated in the presence or absence 
of tetracycline. (A) Cell proliferation was monitored everyday up to day 12 
post-induction. Results were shown as mean ± SD (n=3). (B) p197-RNAi cells 
induced for 12, 18, 24, 48, 72 and 96 hours were monitored for kinetoplast 
and nuclear DNA contents. Un-induced p197-RNAi cells were used as 
control. 200 cells were counted at each time point, in each of 3 independent 
assays, and the results shown as mean ± SD. Shown at the bottom are 
representative images of cells belonging to each category. SK, small 
kinetoplast; LK, large kinetoplast. 
 
Nuclear division and duplication/segregation of basal bodies and 
flagella in these cells appeared normal, and the large kinetoplast was 




 3-28). The severed link between the kinetoplast and the basal bodies 
observed in p197-depleted cells was similar to the RNAi effects of 
p166, a TAC component previously identified (Zhao et al., 2008).  
 
Fig.  3-28. P197-RNAi does not affect basal bodies and flagella 
duplication/segregation. p197-RNAi cells induced for 24h were fixed and 
permeabilized with methanol at -20° C, and stained with YL1/2 for the basal 
bodies (red), anti-PAR for the PFR (green) and DAPI for DNA (blue). 
Duplication and segregation of the basal bodies and associated flagella 
appeared normal, but the large kinetoplast failed to segregate, and remained 
associated with one of the basal bodies. 
 
Interestingly, despite inhibited cell proliferation, the akinetoplast cells 
remained viable up to 10 days post p197-RNAi as shown by their 
apparently normal cell motility and membrane impermeability to nucleic 
acid dye propidium iodide. Continued cultivation of p197-RNAi cells in 
the presence of tetracycline resulted in reversed RNAi phenotypes and 
at 14 days post-induction the culture was dominated with kinetoplast-




3.13 FP45 encircles the flagellar pocket 
FP45 (encoded by Tb927.9.9730) is a 399-amino acid hypothetical 
protein containing two BRCA1 C-terminus (BRCT) domains, one near 
the N-terminus (amino acids 58-161) and the other near the C-
terminus (amino acids 266-376) (Fig.  3-29). As the BRCT domain is 
found mainly in cell cycle checkpoint proteins responsive to DNA 
damage (Bork et al., 1997; Callebaut and Mornon, 1997), we decided 
to further examine the localization of FP45 in T. brucei.  
 
Fig.  3-29. Domain organization of FP45. BRCT, BRCA1 C-terminus 
domain. Numbers represent the amino acid residues. 
 
Procyclic cells with tetracycline-inducible expression of YFP-FP45 
were monitored by fluorescence microscopy (Fig.  3-30). YFP-FP45 
was found in the region between the kinetoplast and the FPC, 
duplicating and segregating as the cell cycle progressed (Fig.  3-30B, 
Fig.  3-33). The exact localization of YFP-FP45 was further examined 
by immuno-cryoEM with anti-GFP. The gold particles were found in the 
flagellar pocket region outlining the flagellar pocket membrane (Fig. 






Fig.  3-30. YFP-FP45 goes to a region between the kinetoplast and 
flagellar pocket collar. Procyclic cells induced with tetracycline for YFP-
FP45 overexpression (green) were fixed with methanol and labeled with anti-
BILBO1 for the FPC (red) and DAPI for DNA (blue). (A) Cell outlines were 
shown as white dotted lines. (B) From left to right, YFP-FP45 duplicates and 
segregates as the cell progresses through the cell cycle. Open arrowheads 
mark the new YFP-FP45 containing structure.  
 
 
Fig.  3-31. FP45 outlines the flagellar pocket. Procyclic cells induced for 
YFP-FP45 overexpression were prepared for immuno cryoEM with anti-GFP. 
Gold particles representing FP45 localization were found at the flagellar 






A polyclonal antibody was raised against FP45 and used for 
immunofluorescence assays and immunoblotting of both procyclic and 
bloodstream form T. brucei cells. Both the endogenous FP45 and the 
YFP-FP45 were detected by the antibody on immunoblots as shown in 
Fig.  3-32A. Unlike TbSpef1, FP45 was a soluble protein and was 
efficiently extracted by detergent treatment (Fig.  3-32C). Its solubility 
was further confirmed by high speed ultracentrifuge (100,000g) of the 
cell lysate (Fig.  3-32C). Interestingly, whereas FP45 was expressed in 
both bloodstream form and procyclic cells on immunoblots (Fig. 
 3-32B), immunolabeling of endogeneous FP45 was observed only in 
the bloodstream form cells but not in the procyclic cells (Fig.  3-33). The 
flagellar pocket localization of FP45 in the bloodstream form cells was 
verified by co-localization with tomato-lectin (TL), the flagellar pocket 
marker (Fig.  3-33). 
 
Fig.  3-32. FP45 is a soluble protein expressed in both procyclic and 
bloodstream forms. (A) Characterization of anti-FP45. Lysates of un-
induced control or cells induced with tetracycline for YFP-FP45 expression, 
were fractionated by SDS-PAGE and immunoblotted with anti-FP45 and anti-
GFP. Anti-FP45 detected both the endogenous and YFP tagged FP45, while 
anti-GFP detected only the YFP-FP45. A weak band approximately the size 
of YFP-FP45 was detected in non-induced cells by both anti-FP45 and anti-
GFP, possibly due to un-regulated expression of YFP-FP45 in some cells. (B) 
FP45 was expressed in both procyclic and bloodstream form parasites. 
Lysates from 2.5x106 procyclic and 4.25x106 bloodstream form cells were 
fractionated by SDS-PAGE and the blot was probed with a rat polyclonal anti-
FP45. Alpha-tubulin and BiP were also probed as loading controls. (C) FP45 




by centrifugation at 10,000 g for 10 min to separate the detergent-soluble 
supernatant from the insoluble pellet. Alternatively, cells were sonicated and 
cell lysates were centrifuged at 100,000 g for one hour.  Equal fractions of 
pellet (P) and supernatant (S) were loaded on SDS-PAGE and 
immunoblotted with anti-FP45, anti-BiP and anti-alpha tubulin. FP45 was 
detected only in the supernatant under both conditions. ER luminal protein 
BiP and alpha-tubulin, used as loading control, were found in both soluble 
and insoluble fractions.  
 
 
Fig.  3-33. Anti-FP45 localizes to the flagellar pocket in BSF cells. FP45 
colocalized with tomato-lectin (TL) at the flagellar pocket in bloodstream form 
cells. Cells were incubated with tomato-lectin (red), fixed with PFA and 
immunolabeled with anti-FP45 (green) and DAPI (blue).  
 
Despite many attempts, stable RNAi cell lines that exhibited efficient 
FP45 depletion could not be generated, in either procyclic or 
bloodstream stage parasites. 
3.14 BB50 localizes to the basal bodies 
Tb927.4.3440 encoded a previously uncharacterized protein with a 
predicted molecular weight of 50 kDa. Endogenously YFP-tagged 
Tb927.4.3440 was localized to a pair of bright dots at the base of each 
flagellum (Fig.  3-34A). One dot colocalized precisely with the mature 
basal body marker YL1/2 (Stephan et al., 2007), and the other not 
(insets, Fig.  3-34A). Immunogold labeling of detergent and salt-




pro-basal bodies (Fig.  3-34B). The protein coded by Tb927.4.3440 was 
hence named BB50. 
 
Fig.  3-34. BB50 localizes to the basal bodies. Cells endogenously 
expressing YFP-BB50 were extracted with 1% NP40 and 1M NaCl, and 
processed for immunofluorescence labeling with YL1/2 (A) or immunogold 
labeling with anti-GFP for electron microscopy (B). At all time of the cell cycle, 
YFP-BB50 (green) localized to both the probasal body and the mature basal 
body while YL1/2 (red) labeled only the mature basal body (enlarged in 
insets). This observation was verified by immuno-gold labeling.  
 
Overexpressing the YFP-tagged BB50 results in generation of 
multinucleated cells harbouring multiple basal bodies and hence is 
lethal (data not shown). Stable cell line with BB50 RNAi, however, 
could not be generated in spite of many attempts. 
3.15 Tb927.9.11830 moves between the basal 
bodies and the bi-lobe 
Tb927.9.11830 (previous gene ID: Tb09.211.2950) is a 653aa 
hypothetical protein conserved in trypanosomes. The protein was 
tagged with YFP on the N-terminus, stably expressed in procyclic cells 
and its cellular localization investigated. As shown in Fig.  3-35, the 
localization pattern of YFP-2950 was not consistent, showing a 
cytoplasmic distribution in some cells and being present on punctated 





Fig.  3-35. Localization of YFP-2950. Cells stably expressing YFP-2950 
(green) were fixed with PFA and labeled with YL1/2 for basal bodies (red) 
and DAPI for DNA (blue). 
 
To remove the cytoplasmic pool and check if 2950 was a structural 
component, cells were extracted with 1% NP40 and 1M NaCl. YFP 
signal in the punctae remained after the detergent/high salt extraction, 
suggesting that 2950 was part of the core cytoskeleton (Fig.  3-36). A 
closer look at the YFP-2950 localization in the extracted cells revealed 
a close association of 2950 with the basal bodies, particularly the old 









Fig.  3-36. YFP-2950 labels a dot near the basal bodies. Cells stably 
overexpressing YFP-2950 (green) were extracted with 1%NP40 and 1M 
NaCl, fixed with methanol and labeled with (A) YL1/2 for basal bodies (red) or 
(B, C) anti-TbCentrin4 (red) for basal bodies (arrow heads) and bi-lobes 
(arrows). YFP-2950 signal was consistently found near the basal bodies. (C) 
YFP-2950 duplicates and segregates as the cells proliferate. In cells with 
duplicating (left panel) and duplicated (right panel) basal bodies, more 
intense YFP-2950 appeared to be associated with the older, more anteriorly 
located basal body. Yellow arrowhead and arrow mark the new basal bodies 
and bi-lobe respectively.  
 
As reported in the high through-put screening by Alsford et al., RNAi of 
2950 results in the abnormal proliferation of both the procyclic and 
bloodstream forms making it a good candidate for further functional 








3.16 Tb927.7.2190 and Tb927.3.640 localize to the 
ER  
3.16.1  Tb927.7.2190 
This ~29KDa protein (266 amino acids) is a conserved hypothetical 
protein with a predicted signal peptide and two transmembrane 
domains, one located near the N-terminus (6-29 aa) and the other 
close to the C-terminus (186-206 aa). In addition, it contains (between 
75-266aa) a predicted alpha subunit of the translocon associated 
protein (TRAP alpha) which is a single spanning membrane protein of 
the ER found in proximity of nascent polypeptide chains translocating 
across the membrane (Hartmann and Prehn, 1994). 
2190-YFP stably overexpressed in the procyclic cells was observed on 
the ER with a prominent perinuclear staining (Fig.  3-37). In post mitotic 
cells, 2190-YFP labels a bridge like structure linking the two 
segregated nuclei (Fig.  3-37 arrow). Considering the transmembrane 
and TRAP domains present in 2190 and its incomplete colocalization 
with ER luminal protein BiP, 2190 was possibly an ER membrane 
protein enriched in nuclear envelope. In a recent high throughput RNAi 
screening study, knockdown of 2190 was reported to lead to abnormal 
cell proliferation in both procyclic and bloodstream form cells (Alsford 






Fig.  3-37. 2190-YFP overlaps with the ER lumenal marker BiP. Procyclic 
cells stably overexpressing 2190-YFP were fixed with PFA and labeled with 
anti-BiP for ER and DAPI for nucleus and kinetoplast. From top to bottom 
cells progress in the cell cycle.  YFP-2190 labeled a bridge-like structure 
(arrow) that linked the two nuclei in the 2k2N cells. 
 
3.16.2  Tb927.3.640 
Tb927.3.640 is a 296 aa hypothetical protein with a signal peptide at 
the N-terminus and a transmembrane domain at the C-terminus (261-
284 aa). As shown in Fig.  3-38, stably expressed 640-YFP labeled a 





Fig.  3-38. Tb927.3.640 localizes to the ER. Procyclic cells stably 
overexpressing 640-YFP were fixed with PFA and labeled with anti-BiP for 
ER and DAPI for nucleus and kinetoplast. From top to bottom are cells in 
different cell cycle stages. 
 
Both 2190 and 640 proteins were present only in the supernatant 
fraction of the cells after detergent extraction, similar to BiP, hence are 
likely soluble membrane proteins (Fig.  3-39). 
 
Fig.  3-39. Tb927.3.640 and Tb927.7.2190 are soluble. Cells overexpressing 
640-YFP or 2190-YFP were extracted with 1% NP40 in PBS followed by 
centrifugation at 10,000 g for 10 min to separate the detergent-soluble 
supernatant from the insoluble pellet. The pellet was washed with PBS and 
equal fractions of pellet (P) and supernatant (S) were loaded on SDS-PAGE 
and immunoblotted with anti-YFP, anti-BiP and anti-alpha tubulin. 2190 and 




protein BiP. Alpha-tubulin, used as loading control, was found in both soluble 
and insoluble fractions. 
 
Regarding the location of the bi-lobe in the cell and its close 
association with ER especially FAZ-ER (Zhou et al., 2011), it was not 
surprising to find ER proteins in the MS results. In addition to these two 
ER proteins, BiP was also identified with a high hit number in the MS 
data, further confirming the efficiency of the detergent free isolation 
method employed here to detect the soluble/membrane bound proteins 
that could be in close association with the bi-lobe. 
3.17 Tagged proteins with cytoplasmic 
localization  
Tb927.11.11460 and Tb927.8.1740 are both conserved hypothetical 
proteins identified in our MS data. They were predicted to belong to 
MitoCarta, a mitochondrial protein inventory developed using a 
computational method based on the primary sequence, 
physiochemical properties and signal peptides (Zhang et al., 2010). 
Tb927.5.289b is a hypothetical protein specific to T.brucei with no 
homologues in other organisms.  
These three proteins together with Tb927.6.5090, a hypothetical 
conserved protein harbouring 9 transmembrane domains, were all 
tagged by YFP and transiently expressed in the YTat cells. As seen in 
Fig.  3-40, they all showed cytoplasmic distribution. YFP-5090 showed 




and hence not shown here. These candidates were not further pursued 
in this study. 
 
Fig.  3-40. YFP-tagged Tb927.11.11460, Tb927.8.1740 and Tb927.5.289b  
demonstrated cytoplasmic localization. Cells transiently transfected with 
YFP-11460, 1740 or 289b (green) were fixed with methanol or PFA and 
stained with DAPI (blue). All three proteins were present in the cytoplasm and 
















Chapter 4- Discussion 
The bi-lobe is a poorly understood structure uniquely found in 
trypanosomes. However, the structure harbors homologs to centrins 
and Polo-like kinases (PLK), all conserved eukaryotic proteins  
important for organelle duplication and/or subsequent cell division 
(Barr et al., 2004; Bettencourt-Dias et al., 2005; Salisbury, 1995; 
Salisbury et al., 2002; Warnke et al., 2004). Studies on these known bi-
lobe proteins have revealed a critical role of bi-lobe in faithful organelle 
duplication/segregation during the cell cycle (He et al., 2005; Ikeda and 
de Graffenried, 2012; Selvapandiyan et al., 2007; Shi et al., 2008). The 
cellular mechanism of bi-lobe, specifically how it regulates co-ordinated 
organelle duplication and inheritance in the parasites, remained 
unclear. In this study, I identified a new bi-lobe protein TbLRRP1, using 
a comparative proteomic approach. TbLRRP1 was essential for 
parasite survival and biogenesis of bi-lobe, Golgi, and FPC. 
Furthermore, using TbLRRP1 as a specific bi-lobe marker, the bi-lobe 
was immunoisolated and new bi-lobe associated proteins were 
identified and characterized, which supported an extensive connection 
of bi-lobe with other cellular organelles.  
4.1 TbLRRP1, an exclusive bi-lobe protein  
The observation that the bi-lobed structure was tightly associated with 
the flagellum, even after detergent extraction and high-salt wash, 
suggests that it is a core component of the flagellar complex, which 




that is required for flagellar pocket biogenesis. Using a modified cell 
fractionation protocol that was first developed by da Cunha e Silva et 
al. (da Cunha e Silva et al., 1989), flagella detached from cell bodies 
and therefore free of associated basal bodies or bi-lobes were purified 
from T. brucei. 
The flagellar complex and the purified flagella samples were then 
analyzed by iTRAQ, which allowed the relative abundance of each 
protein to be compared, leading to the identification of proteins present 
only in the flagellar complex but not in the detached flagella. Further 
bioinformatics screening and localization studies by YFP-tagging 
revealed a new bi-lobe protein. The protein was renamed TbLRRP1 
due to a leucine-rich repeats-containing domain in its N-terminal 
region. Also known as TbHERTS, this protein was first characterized in 
the flagellar proteome (Broadhead et al., 2006).  Its localization was 
not speculated but Broadhead et al. have reported that RNAi depletion 
in procyclic T. brucei results in a motility defect while flagellum 
formation and cytokinesis both appear normal (Broadhead et al., 
2006).  
The bi-lobe localization of TbLRRP1 was verified using a mouse 
monoclonal antibody raised specifically against this protein. Unlike 
TbCentrin2 and TbCentrin4 that are present at both the bi-lobe and the 
basal bodies, TbLRRP1 was present exclusively on the bi-lobe, 
colocalizing prescisely with TbMORN1. TbLRRP1 and TbMORN1-
labeled bi-lobe often appeared in the shape of a fish-hook, with the 




partially overlapping with TbCentrin4-labeled bi-lobe and the base of 
FAZ. This organization was recently verified by immunolabelling of 
detergent and salt-extracted cytoskeleton (Esson et al., 2012), where 
bi-lobe is shown to have a hairpin shape with a posterior hook-shape 
and two anterior arms. Whereas TbMORN1 and TbLRRP1 both reside 
all along the structure overlapping with the FPC on the posterior side, 
TbCentrin4 localizes just to one of the bi-lobe arms. The space 
between the two arms is filled with FAZ filaments and the MTQ (Esson 
et al., 2012).  
4.2 TbLRRP1 plays an essential role in organelle 
duplication and cell division 
Consistent with previous report (Broadhead et al., 2006), depletion of 
TbLRRP1 led to cell motility defects shown by sedimentation and 
tracking assays, but no obvious defects were observed in flagellum 
structure by transmission electron microscopy. In our experiments, 
however, TbLRRP1-RNAi generated a cell division phenotype, where 
both kinetoplast and cell division were inhibited, leading to 
accumulation of 1K2N cells at 48 hours post induction and 
multinucleated cells at later times. It is not clear why cell division 
defects were not observed in the previous report (Broadhead et al., 
2006). Though different RNAi fragments were used and different 
cultivation conditions may result in phenotypic differences, it seems 
likely that the late inhibition of cell duplication (48 hours post-induction) 




induction prevented detection of cell division phenotypes at earlier time 
points, as was done in the previous study (Broadhead et al., 2006). 
The effects of TbLRRP1-RNAi on organelle duplication and cell 
division were then evaluated for basal bodies, flagellum, Golgi, FPC 
and FAZ in the 1K2N cells where cell division defects were first 
observed. Both the basal bodies and the flagellum appeared to 
duplicate normally in 70% of the 1K2N cells, though the duplicated 
organelles remained close together without segregation. In 1K2N cells 
containing two flagella, the new flagella were slightly shorter than those 
in control cells (10.9±2.7 µm versus 12.1±1.7 µm), and no obvious 
structural defects in axoneme or PFR could be observed by electron 
microscopy. On the other hand, duplication of the Golgi, FPC and FAZ 
were all inhibited, with 60% of 1K2N cells having only one Golgi, one 
FPC, one FAZ and one bi-lobe. Even in 1K2N cells that contained two 
FAZ, the new FAZ structure was much shorter compared to new FAZ 
in control cells (6.3±1.7 µm versus 10.6±1.7 µm). Due to inhibited 
assembly of the new FAZ, the newly formed flagellum was not 
attached to the cell body, which explained the motility defects 
observed. The lack of new FAZ formation may also account for the 
inhibited basal body segregation and kinetoplast division in the same 
cells. Relative sliding movement of the new flagellum attached to the 
old one has been proposed as a mechanism for basal body 
segregation, which in turn divides the kinetoplast DNA (Absalon et al., 
2007). The cytokinetic defects observed in TbLRRP1-RNAi cells may 




been observed as a structure important for proper cell division in T. 
brucei though its exact role in this process is not yet clear. The bi-lobed 
structure appears to partially overlap with the posterior tip of the FAZ 
(Morriswood et al., 2009; Shi et al., 2008) and depletion of bi-lobe 
proteins TbCentrin2 and TbLRRP1 both inhibited FAZ formation, 
flagellar attachment and cell division (Shi et al., 2008 and this study), 
suggesting a role for bi-lobe in FAZ function. Interestingly, the 
duplication of the late Golgi fragments also seemed to be inhibited. 
The function of these late Golgi is still not clear. They often appear late 
in the cell cycle at the time of cell division, and then mostly disappear 
in newly formed daughter cells (He et al., 2004; He et al., 2005; 
Yelinek et al., 2009). Unlike the main Golgi, the late Golgi are not 
adjacent to the bi-lobed structure, and are possibly not a core 
component of duplication. 
4.3 Structural complexity of the bi-lobe 
Functional characterization of TbLRRP1 further attested the 
importance of bi-lobe in co-ordinating organelle duplication and 
segregation in T. brucei. Using TbLRRP1 as bi-lobe maker allowed 
visualization of the bi-lobe as a multi-domain structure (Esson et al., 
2012). Recently, a newly developed technique named proximity-
dependent biotin identification method, Bio-ID (Roux et al., 2012), was 
used to search for new structural components of the bi-lobe 
(Morriswood et al., 2012). In this study, TbMORN1 was tagged with a 




tetracycline inducible system. Proteins in the vicinity of the TbMORN1 
were biotinylated upon incubation with excess biotin, captured by 
affinity purification and analysed by mass spectrometry. Seven new bi-
lobe resident proteins and two FAZ proteins were identified using this 
approach. It is interesting that six of these proteins contain at least one 
coiled-coil domain as does TbLRRP1 (Morriswood et al., 2012). 
Together with the bi-lobe EM study (Esson et al., 2012), these findings 
revealed a remarkable structural and molecular complexity of this 
structure. The bi-lobe is likely not a simple structure but a complex 
including different subdomains. 
Most interestingly, the Golgi, FPC and FAZ have all been shown to be 
adjacent or partially overlapped with the bi-lobed structure (Esson et 
al., 2012; He et al., 2005; Morriswood et al., 2009; Shi et al., 2008 and 
this study). Whether or not they are directly linked remained to be 
answered but these observations raise the possibility that the bi-lobe 
may be a core structure mediating the co-ordinated duplication and 
segregation of these single-copied organelles important for cell 
propagation. 
To understand its association with other structures, bi-lobe was 
immunoisolated for proteomic analyses.  Previous attempts to identify 
flagellum and bi-lobe proteins relied on detergent and high salt 
extractions of the parasite cells, which removed most of the soluble 
and membrane associated proteins and allowed characterization of 
only the core cytoskeletal components. The molecular association 




site/Golgi and the flagellar pocket remained elusive. Our current 
immunoisolation approach used a detergent-free isotonic buffer, and 
thus enabled both soluble and structural proteins associated with the 
bi-lobe to be preserved during the purification steps and identified by 
mass spectrometry.  
4.4 Characterization of bi-lobe associated 
proteins reveals extensive connection of     
bi-lobe to other cellular structures 
One of the soluble components identified in this study was FP45, a 45 
kDa, BRCT domain-containing protein localizing to the flagellar pocket 
in both procyclic and bloodstream form cells. The association of 
flagellar pocket collar (FPC) with bi-lobe was first observed by 
Morriswood et al. (2009), where the bi-lobe marker TbMORN1 was 
found in tight association with the FPC marker BILBO1. How the 
soluble FP45 is associated with the bi-lobe or the flagellar pocket 
remained unclear. Unlike previously characterized flagellar pocket 
proteins (Field and Carrington, 2009), FP45 lacked signal peptide or 
membrane anchors. Despite several attempts, functional studies by 
RNAi were not successful in our current study. The interesting domain 
organization of FP45, particularly the BRCT domain mostly found in 
DNA repair proteins, warrants further functional studies of this protein 
by conditional knockout and/or other methods.  
Interestingly, several mitochondrial and three ER proteins including 




presence of these mitochondrial proteins was due to contamination of 
the immunoisolated bi-lobe fraction. However, bi-lobe association with 
mitochondrion and ER, is not surprising. The kinetoplast DNA resides 
in a special domain within the mitochondrion, and is linked to the basal 
bodies through the trans-mitochondrial membrane TAC complex. FAZ-
ER, a specialized ER domain subtending the FAZ filament and 
nucleating the ER exit site and the Golgi, is also in close association 
with the bi-lobe (Bangs, 2011; Zhou et al., 2011). In addition to TbBiP, 
two other soluble ER proteins, Tb927.7.2190 and Tb927.3.640, were 
identified as low confidence hits in our bi-lobe proteome and their 
localization was validated by YFP tagging. Further characterization of 
these ER proteins identified in the bi-lobe fraction may provide insights 
on how these membrane-bounded organelles are tethered to the 
cytoskeletal elements. .  
In addition to the soluble/membrane proteins, this study has focused 
on three structural proteins: a 50 kDa basal body protein BB50, a TAC 
protein named p197 and an Spef1/CLAMP homolog, TbSpef1, which 
was previously considered as a flagellar protein (Baron et al., 2007; 
Broadhead et al., 2006).  
BB50 and p197 are indirectly associated with bi-lobe through their link 
with the basal bodies. The localization of p197 between the kinetoplast 
and the basal bodies and its RNAi phenotype both supported that it 
was a component of the TAC, which is a filamentous, trans-
mitochondrial membrane complex linking kinetoplast DNA to the basal 




AEP1, have been identified prior to our current study (Ochsenreiter et 
al., 2008; Zhao et al., 2008). Whereas both p166 and AEP1 have been 
shown to be mitochondrial proteins with transmembrane domains, 
p197 lacked predictable mitochondrial targeting signal or 
transmembrane domain. It is possible that p197 is present in the extra-
mitochondrial domain of the TAC known as the exclusion zone 
filaments (Fig.  1-2). Similar to p166, depletion of p197 severed the 
connection between the kinetoplast and the basal bodies, resulting in 
asymmetric kinetoplast division and accumulation of akinetoplast cells. 
Interestingly, without any detectable kinetoplast DNA, cells hardly 
proliferated but their viability was not compromised. As mitochondrial 
function has been shown to be essential for procyclic cell survival 
(Stephens et al., 2007), the mitochondrion or some mitochondrial 
functions may still be present in the akintoplast cells. The effects of 
kinetoplast depletion on mitochondrial function are under further 
investigation. 
4.5 TbSpef1 stabilizes the MtQ 
Sperm flagellar protein1 (Spef1), also known as CLAMP, was initially 
identified as a conserved component of motile flagella from mammals 
to protozoa. Spef1 homologues were found in various 
flagellated/ciliated organisms including Chlamydomonas reinhardtii, 
Plasmodium falciparum, Drosophila and zebrafish, as well as 




of the motile flagella in T.brucei as well (Baron et al., 2007; Broadhead 
et al., 2006). 
Spef1/CLAMP shows a tissue selective expression pattern in mouse 
predominantly expressed in the testis followed by the brain, lung, 
kidney and heart respectively (Chan et al., 2005; Dougherty et al., 
2005). Using IF and IEM, Chan et al. have shown that Spef1 was first 
detected in the cytoplasm of the developing spermatids moving to the 
fibrous sheath and around the dense fibers in the mature sperm tails 
(Chan et al., 2005). In mammals, organ of corti, found in the hair cells 
of the inner ear, contains stable bundles of microtubules termed pillar 
cells. These MTs are necessary for maintaining the elongated 
morphology and high stiffness of the pillar cells which is in turn 
essential for sound-induced travelling wave process and thus proper 
hearing (Dougherty et al., 2005; Tolomeo and Holley, 1997). 
Dougherty et al. have shown that CLAMP localizes along the MT 
bundles of the pillar cells. Furthermore in Cos-7 cells ectopically 
expressing Myc-CLAMP, microtubules are decorated with CLAMP 
suggesting that it may be associated with the microtubules as a MAP 
(microtubule associated protein). Additionally, CLAMP and EB1, the 
microtubule plus end-binding protein, are the only two known MAPs 
that associate with MTs via their CH domain (Dougherty et al., 2005; 
Hayashi and Ikura, 2003). CLAMP binds to the bundles and stabilizes 
the MTs (Dougherty et al., 2005). 
In Xenopus embryo, CLAMP marks the rootlets of the cilia and is thus 




Werner et al., 2011; Werner and Mitchell, 2012). Ciliary rootlets are 
cytoskeletal structures (filamentous networks) ~80-100nm in diameter 
originating from the basal body and projecting toward the nucleus 
(Yang et al., 2005). Despite their early discovery in 1880, ciliary 
rootlets function is not yet clear. Supporting the cilia and acting as an 
anchor (Yang et al., 2005; Yang et al., 2002), proper positioning of the 
cellular organelles and sensory transduction (Wolfrum, 1992) and 
intracellular protein transport (Fariss et al., 1997) are some of the 
functions ascribed to the ciliary rootlets mostly based on indirect 
evidences. A recent tomography study done on the rod sensory 
primary cilium has shown that ciliary rootlet stabilizes the axoneme and 
is important for cellular transport (Gilliam et al., 2012). 
In another study, Gray et al. have shown that in addition to the rootlets, 
CLAMP-GFP localizes to the length of the cilia and is enriched at the 
apical tips. This study was performed in the context of the planar cell 
polarity pathway (PCP). Fuz, a PCP effector essential for proper 
signalling and ciliogenesis, plays a role in CLAMP accumulation at the 
rootlets and apical sites of the cilia (Gray et al., 2009).  
TbSpef1, the single Spef1/CLAMP homologue in T.brucei, was 
localized to the proximal segment of the MtQ between the basal bodies 
and the FPC/bi-lobe complex, which duplicated very early in the cell 
cycle, prior to basal bodies duplication. The TbSpef1-labeled structure 
was thus named pMtQ, representing the proximal MtQ segment. 




ciliary rootlet remains to be seen. How is TbSpef1 restricted to the 
pMtQ but not the entire MtQ is also not known.  
TbSpef1 knockdown led to inhibited duplication of FPC, bi-lobe and 
FAZ, all of which are located anterior to the pMtQ. On the other hand, 
for basal bodies and flagellum that are posterior to the MtQ, TbSpef1 
had no effect on their duplication.  The clockwise migration of the pro 
basal body around the old flagellum during new basal body maturation 
was also not affected. Further segregation of the basal bodies and 
associated flagella, however, was inhibited. These observations 
suggest that the duplication and the initial migration of the basal bodies 
do not rely on the assembly of pMtQ. Assembly of the new flagellum 
and flagellum connector may provide the force (push and anchor) for 
this migration. Further basal body segregation, however, appears to 
rely on the assembly of the new FAZ.  
The role of FAZ in basal body segregation had been puzzling. In one 
study where the FPC component TbBILBO1 was depleted and new 
FAZ inhibited, new basal body moved to the far posterior end of the 
parasite cell (Bonhivers et al., 2008), suggesting a role of FAZ in 
‘limiting’ basal body segregation. In many other studies where FAZ 
assembly was inhibited (directly as in Zhou et al., 2011 and Sun et al., 
2012; indirectly as in Absalon et al., 2007 and de Graffenried et al., 
2008), basal body segregation was greatly inhibited, supporting a role 
of FAZ in promoting segregation. However, in these latter studies, it 
was not clear if all FAZ components, including the FAZ filament and 




CC2D, although FAZ filament is not assembled, MtQ appears to be still 
present (Zhou et al., 2011). In this study, we have shown that TbSpef1 
localized to the pMtQ, which is the earliest FAZ component to duplicate 
in the cell cycle. TbSpef1-RNAi inhibited not only FAZ filament, but 
also MtQ assembly. This study thus provides strong evidence for a role 
of FAZ in driving basal body segregation. In the TbBILBO1-depleted 
cells, it is possible that TbBILBO1-knockdown also disrupted other 
cytoskeletal components anchoring the basal bodies to a defined 
cellular location. 
The differential effects of TbSpef1 on different organelles can be 
explained by the sequential organelle duplication (generally from 
posterior to anterior, following the elongation of the MtQ) in T. brucei.  
In a recent study, it has been proposed that the polo-like kinase 
(TbPLK) migrates along the MtQ from posterior to anterior, thus 
signalling the sequential organelle duplication during T. brucei cell 
cycle (Ikeda and de Graffenried, 2012). Lack of the new MtQ in 
TbSpef1-depleted cells may inhibit TbPLK migration (this shall be 
further tested in future studies). 
4.6 Bi-lobe is interconnected with other single-
copy organelles 
The characterization of BB50, p197, BILBO1 and TbSpef1 in the bi-
lobe fraction further supported the bi-lobe association with other 
cytoskeletal structures including the basal bodies, the TAC, the FPC 




may be indirect. These proteins provided useful markers to visualize 
the duplication and segregation of these important cytoskeletal 
components during the cell cycle (Fig.  4-1).  
 
Fig.  4-1. A continuous cytoskeletal network tethers the basal bodies to 
the FPC/bi-lobe. In this schematic view of a T. brucei procyclic cell, the 
relative localization of BB50, TbSpef1, p197 and FP45, all isolated as bi-lobe 
associated proteins, to other subcellular structures was shown. In the 
posterior region of the cell, a single kinetoplast was linked to the basal 
bodies, where BB50 was mapped. The kinetoplast DNA-basal body 
connection was mediated by TAC, which contained p166 and perhaps also 
p197. TbSpef1-containing pMtQ linked the basal bodies to the FPC and the 
bi-lobe. Attached to this cytoskeletal nexus were single-copied organelles 
including the kinetoplast, the flagellar pocket, the flagellum and the FAZ. 
 
Organelle duplication started from the more posterior structures 
including the TbSpef1-containing FAZ MtQ, the basal bodies and the 
associated TAC, and proceeded anteriorly to the FPC, the bi-lobe and 




duplication of organelles anterior to TbSpef1-labeled MtQ, but not 
those posterior. Similarly, RNAi depletion of TbLRRP1, the bi-lobe 
marker found in this study, also led to inhibited duplication of the more 
anterior FAZ, but not the duplication of the more posterior basal 
body/flagellum complex. Recent analyses on T. brucei polo-like kinase 
(TbPLK) localization throughout the cell cycle provided a mechanism 
where ordered movement of TbPLK along the FAZ microtubule quartet 
to the FPC, the bi-lobe and then the FAZ could signal the sequential 
duplication of these structures (Ikeda and de Graffenried, 2012). 
Whereas the cytoskeletal structures were undergoing duplication, other 
organelles including the kinetoplast, the flagellum, the flagellar pocket, 
Golgi/ER exit site and FAZ-ER, which were attached to the core 
cytoskeletal network through different mechanisms, were also 
duplicated. Segregation of the cytoskeletal network thus mediated the 
segregation of these attached organelles. This sequential assembly of 
cytoskeletal elements along a continuous microtubule track (MTQ), 
together with associated membrane or non-membrane organelles, 
provided an efficient strategy to ensure orderly inheritance of these 
single-copied organelles during the cell cycle. As new markers for the 
organelles and associated cytoskeletal elements became available, 






4.7 Future directions 
4.7.1 Further characterization of TbLRRP1 and its 
binding partners 
TbLRRP1 contains several leucine rich repeats in its N-terminal region 
and a coiled coil motif in its C-terminal region. While leucine-rich 
repeats have been implicated in protein-protein interactions (Kobe and 
Kajava, 2001), coiled coils are thought to mediate protein 
oligomerizations (Burkhard et al., 2001). Further examination of 
TbLRRP1 and its binding partners may help to understand the 
molecular mechanism of the bi-lobed structure and how it interacts with 
other single-copied organelles. In a recent study done in our lab, yeast-
two-hybrid screening was used to search for T.brucei proteins 
interacting with the LRR domain or the coiled-coil domain of the 
TbLRRP1. The most interesting binding candidate was a Ran-binding 
domain containing protein (RanBPL) which bound to Ran in a GTP-
dependent manner. Biochemical and functional studies of TbLRRP1 
and its interaction with Ran and RanBPL suggested that TbLRRP1 
may function as a RanGAP (Shima Bayat, unpublished data).  
4.7.2 TbSpef1 molecular mechanisms 
Being a conserved protein from protists to mammals, Spef1 is a good 
candidate for further studies. In this study, I have shown that TbSpef1 
localizes to the proximal part of the MtQ (pMtQ). It would be interesting 
to investigate why TbSpef1 is exclusively present at this region of the 




the MtQ. A possibility is that TbSpef1 has a specific binding partner 
which is only present on this section. Depletion of TbSpef1 inhibited 
the new MtQ assembly. Whether TbSpef1 can bind to the MTs via its 
CH domain and whether this binding helps to regulate MtQ stability 
remain to be biochemically investigated.  
The duplication of pMtQ anterior organelles (FPC, bi-lobe and FAZ) 
was also inhibited upon TbSpef1 RNAi. This inhibition could be due to 
the absence of the MtQ which was shown to make a track for TbPLK to 
move on (Ikeda and de Graffenried, 2012). TbPLK migrates on the 
MtQ and dictates the duplication of the organelles as it reaches them.   
However, it is not clear what is the substrate of TbPLK in T. brucei. It 
would be interesting to study if TbPLK interacts with TbSpef1 on the 
pMtQ and if TbSpef1 depletion affects TbPLK localization or function. It 
is expected that in TbSpef1 RNAi cells, TbPLK could not migrate 
further than the basal bodies and thus accumulates in that region. 
These experiments could help in revealing the molecular mechanisms 
of TbSpef1 action which remains to be clarified.  
Furthermore, being a conserved protein and linked to different 
developmental pathways especially the ones important in motile cilia 
formation, it would be important to study Spef1/CLAMP functions in 
higher eukaryotes. As mentioned above, Spef1 is also linked to the 
players of the PCP pathway (Gray et al., 2009) and it could be studied 
in that context as well. Most of the studies done to date have not 




al., 2009; Park et al., 2008; Werner et al., 2011; Werner and Mitchell, 
2012). Whether or not the Spef1 family proteins have the same cellular 
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Appendix A. Summary of candidate flagellar complex proteins identified in this study.  “+” denotes a homologue in this species or 
this protein was previously found in the indicated flagellar proteome; “x“ denotes no homologue in this species or this protein was 





















roadhead et al., 2006 
 
 




protein 5247 2.13 3  +  +  +  x  x  x Basal body 
Tb10.61.2190 
Hypothetical 










phosphatase 1272 1.33 1  +  +  +  +  +  x Basal body 
Tb927.6.2790 
L-threonine 3-
dehydrogenase 999 1.27 6  +  +  x  +  +  x Basal body 
Tb11.01.0510 
Hypothetical 








































Tb11.02.4040 Sec31 3696 1.52 3  +  +  +  +  +  x ER exit site 
Tb927.7.6790 
Hypothetical 




subunit beta 1590 1.71 1  +  +  +  +  +  x Unclear 
Tb927.3.4500 
Fumarate 
hydratase 1698 1.16 1  +  +  +  x  +  x Unclear 
Tb10.6k15.2600 
Hypothetical 






protein 1233 3.17 1  +  +  +  x  x  x Unclear 
Tb10.70.5020 
Hypothetical 
protein 2223 3.6 1  +  +  +  +  x  x Unclear 
Tb927.3.3180 
Hypothetical 
protein 2979 3.52 1  +  +  x  x  x  x Unclear 
Tb927.7.2680 
Hypothetical 
protein 2127 1.29 1  +  +  +  x  x  x Unclear 
Tb927.7.3020 
Hypothetical 










protein, Gb4 24645 1.08 2  +  +  +  x  x  x Not tested 
Tb10.70.6570 
Hypothetical 




protein 2 14643 1.42 5  +  +  +  +  +  + Not tested 
Tb927.1.4310 
Hypothetical 






















Appendix B. List of all proteins found in the bi-lobe immunoisolation. 
Gene number Protein name MW 
Hit 
number 
Score Subcellular localization 
Tb11.01.3960 
(Tb927.11.12150) 
BILBO1 67.3 60 349 FPC (Bonhivers et al., 2008) 
Tb927.6.3740 
Heatshock 70kDa protein,mitochondrial 
precursor 
71.4 19 212 Mitochondrion (Zhang et al., 2010) 
Tb11.02.5450 
(Tb927.11.7460) 
Glucose-regulated protein 78, BiP, putative 71.4 12 150 ER (Bangs et al., 1993) 
Tb927.10.6400 Chaperonin Hsp60, mitochondrial precursor 59.5 34 328 Mitochondrion (Zhang et al., 2010) 
Tb11.01.0680 
(Tb927.11.8950) 
TbLRRP1 78.9 29 244 Bi-lobe (Zhou et al., 2010) 
Tb11.01.3290 
(Tb927.11.11460) 





ATP-dependent DEAD/H RNA helicase, 
putative 
71.3 4 71 (Jones et al., 2006) 




62 5 35 Mitochnodrion (Zhang et al., 2010) 
Tb11.02.0490 
(Tb927.11.2990) 
RNA-editing complex protein,KREPB4 46.3 8 
38 
Mitochondrion (Babbarwal et al., 
2007; Jones et al., 2006) 
Tb927.1.2330 Beta tubulin 49.7 4 26 
(Kimmel et al., 1985; Seebeck et al., 
1983) 
Tb927.8.3530 





6 60 Glycosome (Stebeck et al., 1996) 




Tb927.6.4210 Aldehyde dehydrogenase 64.5 3 47 Mitochondrion (Zhang et al., 2010) 
Tb927.6.5290 Variant surface glycoprotein(VSG),putative 48.2 2 32  
Tb927.8.1740 Hypothetical protein,conserved 62.1 2 31 Mitochondrion (Zhang et al., 2010) 
Tb927.1.2340 Alpha tubulin 49.7 4 73 
(Kimmel et al., 1985; Seebeck et al., 
1983) 
Tb927.10.2090 Elongation factor 1- alpha 37.8 2 30 Cytoplasm 
Tb927.10.180 
ATP synthase F1 subunit gamma protein, 
putative 
34.3 3 31 Mitochondrion (Zhang et al., 2010) 




Tb927.5.289b Hypothetical protein 24.5 3 31  
Tb927.4.3130 
(TbSPef1) 
TbSpef1/TbCMF18 30.6 2 95 Flagellum (Baron et al., 2007; 
Broadhead et al., 2006) 
Tb927.8.4970 PFR2 69.5 2 75 PFR (Schlaeppi et al., 1989) 
Tb11.01.2050 
(Tb927.11.10280) 
Zinc carboxypeptidase, putative 131.1 2 27  
Tb11.01.3080 
(Tb927.11.11290) 
Heat shock protein 70,putative 73.6 2 47   
Tb927.6.1180 Hypothetical protein, conserved 141.3 2 38  
Tb09.160.2780 
(Tb927.9.4200) 
fatty acyl CoA synthetase 2 80 1 35 
Membrane (Jiang and Englund, 2001; 
Smith and Butikofer, 2010) 





protein disulfide isomerase,bloodstream- 
specific protein 2 precursor 
55.8 1 24 Cytoplasm (Field et al., 2010) 
Tb927.4.1480 Hypothetical protein 80 1 24  
Tb927.8.2590 Hypothetical protein, conserved 58.9 1 30  
Tb927.3.3110 Hypothetical protein, conserved 120.4 1 30  
Tb927.7.6580 Hypothetical protein, conserved 104.4 1 28  









Tb927.10.14870 Hypothetical protein, conserved 77 1 30  
Tb927.2.1150 
retrotransposon hot spot protein (RHS, 
pseudogene) 
56 1 28 (Bringaud et al., 2002) 
Tb09.211.2150 
(Tb927.9.10770) 
poly(A)-binding protein 1 
 





structural maintenance of chromosome 3 , 
putative 
137.2 1 25  
Tb927.8.7590 
receptor-type adenylate cyclase GRESAG 4, 
putative 
140.6 1 25  
Tb927.8.5090 
DNA-directed RNA polymerase I largest 
subunit 
197.2 1 31  
Tb09.211.4700 
(Tb927.9.14160) 
reiske iron-sulfur protein , mitochondrial 
precursor 
34 1 38 Mitochondrion (Acestor et al., 2009) 
Tb927.3.640 Hypothetical protein,conserved 32.9 1 38  
Tb09.211.2950 
(Tb927.9.11830) 
Hypothetical protein,conserved 71.6 1 31  
Tb10.v4.0053 Hypothetical protein,chrX additional 483.8      14 90 
Similar to MARP (Schneider et al., 
1988) 




Tb927.2.4230 NUP-1 406.9 7 101 Nucleus (Rout and Field, 2001) 
Tb927.2.2510 
Voltage dependant anion selective channel 
(VDAC)  
291.9 7 144 Mitochondrion (Pusnik et al., 2009) 
Tb927.10.15750  Hypothetical protein,conserved 197.7 6 164 Basal bodies (Zhou et al., 2010) 
Tb927.5.1210 Short-chain dehydrogenase,putative 338.7 6 97 Mitochondrion (Acestor et al., 2009) 
Tb927.10.14820 Mitochondrial carrier protein (MCP5a) 340.7 4 42 Mitochondrion (Colasante et al., 2009) 
Tb09.211.1750 
(Tb927.9.10310) 
Mitochondrial carrier protein, putative 34.2 3 55 Mitochondrion (Colasante et al., 2009) 






40S ribosomal protein SA 276.1 3 34  
Tb09.211.1310 
(Tb927.9.9730) 
Hypothetical protein,conserved 44.5 3 59 
 
Tb927.4.3440 Hypothetical protein,conserved 48.6 3 47  
Tb927.6.5090 Hypothetical protein,conserved 92.9 3 47  
Tb927.10.12840 Mitochondrial carrier protein 33.1 2 40 Mitochondrion (Colasante et al., 2009) 
Tb927.6.2790 L-threonine 3-dehydrogenase 36.9 2 39 Mitochondrion (Zhang et al., 2010) 
Tb927.3.1790 Pyruvate dehydrogenase E1 beta subunit 37.5 2 31 
Mitochondrion (Zhang et al., 2010; 
Acester et al.,2009) 
Tb11.02.4120 
(Tb927.11.6250) 
Hypothetical protein,conserved 27.6 2 31 Mitochondrion (Zhang et al., 2010; 
Acester et al.,2009) 
Tb927.3.1840 3-oxo-5-alpha-steroid 4-dehydrogenase 33.3 2 31 
Mitochondrion (Zhang et al., 2010; 






heat shock protein 84 84.8 1 37 Mitochondrion (Zhang et al., 2010) 
Tb927.2.5280 trans-sialidase 77.5 1 36  
Tb09.354.0230 
(Tb927.9.320) 
VSG 54.4 1 33  
Tb11.24.0006 
(Tb927.11.17710) 
expression site-associated gene 42.5 1 31  
Tb927.7.6730 Hypothetical protein,conserved 82.9 1 30  
Tb09.160.0600 Hypothetical protein,conserved 68.5 1 29  
Tb11.01.6680 
(Tb927.11.15040) 




58.9 1 26 Glycosome (Kueng et al., 1989) 






DNA topoisomerase III 104.2 1 28 Nucleus (Kim and Cross, 2010) 
Tb927.7.2190 Hypothetical protein,conserved 29.3 1 26  
Tb927.10.3930 40S ribosomal protein S3A 29.6 1 26 Ribosome 
Tb927.10.2300 Hypothetical protein,conserved 21.6 1 26  
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